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Over a decade, scientists have been attempting to know more about the 
conformational dynamics of fatty acid binding proteins (FABPs), in order to answer 
the puzzling question – how ligands could access the internalized binding site(s) of 
FABPs. Despite numerous efforts made in this field, the appreciation of this question 
is still relatively poor nowadays. In the current study, we continued the effort to 
explore the dynamical properties of liver fatty acid binding protein (LFABP) using 
NMR spectroscopy and MD simulation techniques, aiming at advancing our 
knowledge on this interesting topic.  
 
The microsecond to millisecond timescale dynamics of FABPs was historically 
hypothesized to represent a dynamical equilibrium between the “open” and “closed” 
states, regulating the ligand entry/exit processes. Despite the potential significance, 
the validity of this hypothesis has not yet been demonstrated. In the current study, the 
slow dynamics of LFABP was quantitatively characterized using relaxation 
dispersion NMR spectroscopy, which shows that LFABP is indeed highly flexible on 
the millisecond timescales. In order to further examine the hypothetical role of the 
millisecond dynamics of LFABP, the potential correlation between slow dynamics 
and ligand entry/exit processes was modeled and evaluated by analyzing the kinetic 
rates of LFABP-ANS interaction. The experimental result demonstrates that the 
intrinsic millisecond dynamics of LFABP, somewhat disappointedly, does not 
represent a critical conformational reorganization required for ligand entry due to the 
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contradiction of timescales, but implies that it may represent a dynamical equilibrium 
between the apo-state and a state resembling the singly-bound conformation. Analysis 
of the kinetic rates of the ligand association shows that the ligand-entry related 
dynamics could occur on the microsecond or sub-microsecond timescales, which is 
much faster than previously assumed.  
 
Despite fast advancement of experimental techniques for exploring protein dynamics, 
direct visualization of ligand entry/exit processes which potentially involves multiple 
transient steps is still formidable nowadays. In silico simulation, thus, provides a 
good alternative way to investigate such dynamical details. However, the ligand 
exit/entry is a slow event which could hardly be accessed by standard MD 
simulations. In order to overcome this problem, random expulsion simulation, which 
accelerates ligand motions with a randomly oriented external force, was applied to 
investigate the ligand dissociation processes (in Chapter 6). Different ligand egress 
routes were identified for LFABP in this work, which furthered our understanding on 
the protein-ligand interplay. Future mechanistic studies on the ligand release and 
uptake would benefit from the experimental and computational studies shown in this 
thesis. 
 
As a fortuitous discovery during our experimental studies, the millisecond timescale 
dynamics of LFABP was found to be perturbed by the presence of buffer agents. 
Although not being our initial aim, we characterized the amplitude of such buffer 
perturbation to the slow motions of LFABP (in Chapter 5). This case study offers an 
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example of how the biophysical properties of proteins could be influenced by buffer 
molecules, which would deserve the attention of scientists in the in vitro manipulation 
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Chapter 1: Introduction 
Fatty acids, as one of the most abundant lipid molecules in vivo, play a critical role in 
the living processes of cells. Not only are they key metabolites involved in energy 
generation and storage, fatty acids, being crucial components of the lipids in cellular 
membranes, directly affect the structure and function of membranes (Pohl et al., 
2004). However, the solubility of these molecules, due to their long hydrophobic 
alkyl chains, is poor in the aqueous physiological environment. Thus, specific protein 
molecules, which have high affinity with fatty acids, have evolved to assist the 
transportation of fatty acids in aqueous environments. Serum albumin is one of such 
proteins, which binds a variety of fatty acids and is responsible for extracelluar 
transportation. Intracellularly, this work is done by fatty acid binding proteins 
(FABPs) (Hamilton, 2004). A thorough understanding of the biophysical basis for 
FABP-fatty acid interaction requires the knowledge of the protein three-dimensional 
structure as well as structural dynamics, which has been puzzling scientists for a few 
decades. The studies on the function, structure, and dynamics of fatty acid binding 
proteins will be overviewed in the following sections. 
 
1.1 Overview of the fatty acid binding protein family 
Fatty acid binding proteins form an intracellular protein family with a low molecular 
weight (about 15 kD). As a common feature of this family, all FABPs have high 
affinity but low binding capacity (stoichiometry: one or two) of fatty acids. Tissues 
(e.g. intestine, liver, adipose, and muscle) with active lipid metabolism or high rate of 
fatty acid uptake generally have a high level of expression of one or more FABPs 
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(Hamilton, 2004; Storch & McDermott, 2009). While several FABPs could co-exist 
in the same tissue, individual FABPs are named after the tissues where they were first 
found and isolated.  
 
Although the physiological functions of FABPs have not been completely elucidated 
yet, their roles in facilitating the cellular transportation of poorly soluble ligands seem 
irrefutable (Thompson et al., 1999a; Storch & Corsico, 2008). Two different 
mechanisms of fatty acids transportation by FABPs have been revealed by in vitro 
experiments (Storch & Thumser, 2000; Storch & Corsico, 2008). The first class of 
FABPs is known to transfer/deliver their ligands through direct contact/collision with 
biomembranes. Most FABPs (including the intestinal-type, adipose-type, heart-type, 
keratinocyte-type, and myelin-type) belong to this class. By contrast, Liver-type 
FABP (LFABP) represents the second class of FABP which transfers the ligands to 
and from membranes through aqueous-phase diffusion. Diffusional protein (LFABP) 
probably functions as a cytosolic reservoirs for the poorly soluble ligands (Storch & 
Corsico, 2008).  
 
Structural biology studies (X-ray crystallography and NMR spectroscopy) on the 
FABP family have shown a conserved folding pattern for all family members (Storch 
& Corsico, 2008) (Figure 1.1.1). Ten anti-parallel β-strands form a cage-like β-barrel 
structure, composed of two roughly orthogonal β-sheets. Two short α-helices, located 
between the first and second β-strands, form a helix-turn-helix motif, which cap one 
end of the binding cavity. Shown from the ligand-bound structure, the β-barrel cavity 
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is where the binding site(s) are located. Crystallographic studies on the structure of 




Figure 1.1.1 Three-dimensional structures of FABPs. Ribbon structures of 
Intestinal FABP, Liver FABP, and Adipocyte FABP are displayed, with PDB entries 
(apo-/holo-) of 1IFB/2IFB, 2F73/1LFO, and 1LIB/1LID, respectively. The α-helix II 
and the turns between βC/βD and βE/βF of holo-IFABP are shown in magenta.  
 
 
In the family of FABPs, LFABP has some unique features (e.g. binding stoichiometry, 
volume of the β-cavity, lengths of β-strands, etc.), besides its transportation 
mechanism. A general overview of liver-type FABP is given in the following section. 
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1.2 Overview of liver fatty acid binding protein (LFABP) 
LFABP mainly exists in the tissues of liver and intestine, and to a lesser extent, in 
kidney and colon (Thompson, et al., 1999a). Along with other FABPs, LFABP 
interacts with fatty acids and facilitates their transportation.  
 
Crystallographic studies on oleate-bound LFABP have showed that the overall 
conformation of LFABP is very similar to other FABPs (Thompson et al., 1997). 
Two molecules of oleic acid are accommodated in the β-barrel cavity of LFABP, 
which agrees with the fluorescence study on LFABP-fatty acid interactions (Richieri 
et al., 1994). One fatty acid molecule adopts a bent conformation in the inner position 
of the cavity, with its carboxylate group interacting with arginine 122 of LFABP. The 
other fatty acid adopts a more extended conformation, located near the helix-turn-
helix motif. The unique stoichiometric binding between LFABP and different ligands 
could contribute to the specific functions of LFABP.  
 
In addition to the unique binding stoichiometry, the ligand spectrum of LFABP is the 
broadest in the FABP family. The ligands of LFABP include saturated and 
unsaturated long chain fatty acids, bile salts, lysophosphatidic acid, heme, 1,8-ANS, 
lipophilic drugs, etc. (Thompson et al., 1999a; Thompson et al., 1999b; Chuang et al., 
2008). The interaction with lipophilic drugs suggests an important role of LFABP in 
the cellular transportation of these drugs. In addition, the localization studies using 
laser scanning microscopy showed the colocalization of LFABP and peroxisome 
proliferator-activated receptor α (PPARα) in the nucleus and demonstrated the direct 
 6
interaction between these two proteins, indicating that LFABP is involved in 
transportation of nucleus-targeted signaling molecules and affects the expression of 
PPAR-sensitive genes (Wolfrum et al., 2001). Other functional studies on LFABP 
also suggested tentative roles in cell proliferation (Bassuk et al., 1987), production of 
hepatic very-low-density lipoprotein (VLDL) (Spann et al., 2006), and budding of 
prechylomicron transport vesicles (PCTVs) from the endoplasmic reticulum (Neeli et 
al., 2007) 
 
1.3 Mechanisms of the FABP-ligands interaction 
Despite the rich information obtained from functional and structural studies on fatty 
acid binding proteins, the fundamental processes of FABP-ligand interaction have not 
been fully understood yet. In particular, the mechanisms of how the ligands access the 
internalized binding sites have been a puzzling question over two decades. Twenty 
years ago, the crystallographic study on the palmitate-bound IFABP revealed that the 
ligand, instead of binding at the cleft(s) on the surface of the protein, is situated 
internally in the β-barrel cavity (Sacchettini et al., 1989). In addition, a number of 
three-dimensional structures of different FABPs determined later (Xu et al., 1993; 
Young et al., 1994; Lassen et al., 1995; Thompson et al., 1997; Hohoff et al., 1999; 
Balendiran et al., 2000), using either X-ray crystallography or NMR spectroscopy, 
also confirmed the internalized location of the ligand binding site(s) for this protein 
family. However, based on these static structures, the pathways for ligand entry and 
exit could not be intuitively identified, since the dominant FABP conformation does 
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not show any obvious openings for ligand entry. Thus, conformational dynamics 
appears to play a critical role for the function of FABPs.  
 
Experimental and computational studies on the dynamics of fatty acid binding 
proteins were hence conducted aiming at addressing the question of ligand entry and 
exit (e.g. Hodsdon & Cistola, 1997a; Hodsdon & Cistola, 1997b; Zhang et al., 2006; 
Friedman et al., 2005; Friedman et al., 2006). However, these dynamics studies, 
which mainly focused on the protein motions on the picosecond to nanosecond 
timescales, have not satisfactorily unraveled the dynamical mechanisms of ligand 
entry and exit, which might be due to the very fast motional timescales they were 
restricted to. Therefore, probing protein motions on much slower timescales would be 
necessary in the current study. 
 
1.4 Aim of the current studies 
In this work, the primary purpose was to investigate the dynamical properties of liver 
fatty acid binding protein both experimentally and computationally. This work was 
expected to advance our understanding of how ligand molecules access the 
internalized binding sites of LFABP. Since the internalized location of ligand binding 
sites is found in many protein systems, the result of the current study may provide 
general insights into the fundamental mechanisms of this type of protein-ligand 
interactions. Considering the wide existence of fatty acid binding proteins in living 
organisms, the knowledge on the structure-function-dynamics relationship should be 
helpful for better appreciating their biological roles. Comprehensive literature review 
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on the previous structural and dynamical studies on FABPs, as well as the major 















































Chapter 2: Literature review  
 
2.1 Structural studies on fatty acid binding proteins: implication for ligand entry 
and exit mechanisms 
Determination of high resolution 3-D structures is often the first step toward the 
understanding of protein functions. In the following sections, the structural studies of 
FABPs (with the focus on IFABP and LFABP) are reviewed. IFABP is the most 
extensively studied protein in the FABP family (in terms of the structure-dynamics-
function relationship). Many proposed theories and models for the ligand entry/exit 
mechanisms are based on the studies of IFABP. LFABP is a unique member in the 
FABP family in terms of the protein-ligand interaction. It is the only FABP known to 
bind two molecules of ligands in its cavity and be capable of interacting with a great 
variety of ligands with different structures and chemical properties. The ligand 
entry/exit mechanism for LFABP might be more intriguing than other FABPs, and it 
is thus chosen as the model protein in the current studies. 
 
2.1.1 Structural studies on intestinal fatty acid binding protein 
Intestinal fatty acid binding protein (IFABP) is one of the earliest proteins in this 
family which are studied by structural biologists. Due to the similarity of structures 
and functions of all FABPs, the results obtained from studies of IFABP would have 
valuable contribution to the understanding the structure-dynamics-function 
relationship of the FABP family. 
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2.1.1.1 Three dimensional structure of holo-intestinal fatty acid binding protein 
Intestinal fatty acid binding protein is a representative FABP family member, the 
structure of which was solved with high resolution (2 Å) using X-ray crystallography 
more than twenty years ago (Sacchettini et al., 1988; Sacchettini et al., 1989), and 
confirmed by NMR spectroscopy later (Hodsdon et al., 1996). As shown in Figure 
1.1.1, IFABP contains ten anti-parallel β-strands (from βA to βJ), which are 
organized into two approximately orthogonal β-sheets, forming a β-barrel or β-clam 
(Sacchettini et al., 1989). Each β-strand contains 8 to 10 residues, and adjacent β-
strands are connected by hydrogen bonds, with the exception of βD and βE. This 
“gap” between βD and βE is mainly due to the enlarged inter-stand distance. The 
space between βD and βE is filled with the side-chains from each strand and with 
ordered solvent molecules. Two short α-helices form a helix-turn-helix motif, 
locating between the βA and βB strands. This motif appears to cap one end of the β-
barrel, forming an internalized cavity, where the fatty acid binding site is situated. In 
the X-ray structure of holo-IFABP (Sacchettini et al., 1989), the palmitate molecule is 
located inside the β-barrel, with its carboxyl group buried near the center of the cavity. 
The hydrocarbon tail of the palmitate extends in a slightly bent conformation, 
pointing toward the α-helices. The carboxyl group of the palmitate is involved in the 
interaction network with Arg106, Gln115, and two ordered solvent molecules. 
 
The internalized location of palmitate makes it unclear how the fatty acid enters and 
exits IFABP. However, based on the inspection of the model of IFABP, Sacchettini et 
al. (1989) suggested that the area delimited by α-helix II and the turns between βC/βD 
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and βE/βF should be the potential entry site, since this area would require the least 
conformational change to permit fatty acid entry. This area is later known as the 
proposed “portal region” not only for IFABP, but also for other FABPs, and received 
much attention of scientists working on the ligand entry/exit mechanisms of FABPs 
(Hodsdon & Cistola, 1997a; Hodsdon & Cistola, 1997b; Jenkins et al., 2002; Ory et 
al., 1997; Richieri et al., 1999). Among these studies, the work by Hodsdon and 
Cistola lent a strong support to the portal hypothesis in particular, which will be 
discussed later in this chapter. 
 
2.1.1.2 Structural studies on apo-intestinal fatty acid binding protein 
The three-dimensional structure of apo-IFABP (without bound ligand) was 
determined using X-ray crystallography at 1.2-Å resolution (Scapin et al., 1992), and 
was found to be very similar to that of the holo-IFABP. Superimposition of these two 
crystal structures yielded an overall r.m.s.d. of 1.24 Å (0.42 Å for main-chain and 1.6 
Å for side-chain atoms) (Scapin et al., 1992). Despite the high similarity between the 
crystal structures of apo- and holo- proteins, NMR studies of the apo-IFABP revealed 
the significant difference from that of the holo-IFABP (Hodsdon & Cistola, 1997b).  
 
The NMR structure of apo-IFABP also showed a similar global fold along with the 
X-ray structure, however, variability of the NMR structure ensemble was exhibited in 
a discrete region of the backbone (Hodsdon & Cistola, 1997b). Residues, which 
showed the largest deviations, were clustered into two segments (N24 - L36 and N54 
- N57). These two segments, although being discrete in the primary structure, were 
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adjacent in the three-dimensional structure, corresponding to the second α-helix, the 
linker between αII and β-strand B, and the turn between β-strands C and D. This 
disordered area coincided very well with the previously proposed “portal region”. 
Based on this observation, Hodsdon and Cistola (1997b) proposed that the disorder 
region in the solution apo-IFABP structure might function as a “dynamic portal” 
which regulates the entry and exit of ligands; ligand binding would shift the 
equilibrium between disordered (apo-state) and ordered (holo-state) states toward the 
ordered state.  
 
Although the NMR structural studies provided an interesting assumption on ligand 
entry/exit mechanisms, variability of protein ensemble structures (due to paucity of 
conformational restraints) does not necessarily indicate dynamics/flexibility of the 
given region. Solid evidence of structural disorder should come from experimental 
characterization of protein dynamics. Nevertheless, such evidence of flexibility of the 
“dynamical portal region” was not available, which left this theory largely assumptive. 
Further discussion of the dynamics studies on IFABP will be given in Section 2.2. 
 
2.1.2 Structural studies on liver fatty acid binding protein 
Although all the FABPs share the similar three-dimensional structures, the functions 
of individual proteins are not exactly the same. Liver fatty acid binding protein shows 
some unique properties in the FABP family: it is the only FABP which 
accommodates two molecules of fatty acids in the β-cavity; furthermore, it exhibits 
the capability of interacting with a variety of ligands with different chemical 
 14
structures and properties. It would be particularly interesting to know the mechanisms 
of ligand entry and exit for LFABP, and this protein is hence chosen as the model 
protein in our current studies. A review of the structural studies on LFABP, with the 
highlight of the structural differences from other FABPs, is given in this section. 
 
2.1.2.1 Crystallographic study on holo-liver fatty acid binding protein 
X-ray crystal structure of rat LFABP (Thompson et al., 1997) shows a similar overall 
conformation with other FABPs. It includes a β-barrel with an internalized binding 
cavity, where two oleic acid molecules are located. The cavity is constituted by a 
combination of polar and nonpolar residues. Assessment of the cavity volume showed 
that the LFABP binding cavity is the largest among fatty acid binding proteins. The 
large cavity volume of LFABP is mainly attributed to the reductions in side chain size 
of certain residues (Ser39, Asn61, Thr93, Ser100, Thr102, Asn111, and Ser124). 
Inside the β-cavity, oleate 129 (OLA129) is situated in a more internalized position, 
surrounded by protein atoms, oleate 128 (OLA128), and structural water molecules. 
The carboxy1 group of OLA129 is involved in a hydrogen bonding network, 
including Arg122, Ser39, Ser124 and three structural waters. OLA128 is shown to 
adopt a more extended conformation with its hydrocarbon tail contacting OLA129. 
The carboxyl group of OLA128 partially penetrates out the β-cavity through the 
proposed “portal region”, in contact with the bulk solvent. 
 
A detailed comparison of the structure of LFABP with other intracellular lipid 
binding proteins showed that the β-strands G and H of LFABP are two residues 
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shorter than the average. The analysis of the hydrogen bonding patterns showed that 
besides the common gap between β-strands D and E (lacking interstrand hydrogen 
bonds), LFABP had a second gap between β-strands F and G, with the missing of at 
least four interstrand hydrogen bonds (Thompson et al., 1997). These features 
probably indicate a different mechanism of ligand entry and exit for LFABP (Wang et 
al., 2002).  
 
2.1.2.2 Structural studies on apo-liver fatty acid binding protein 
The three-dimensional structure of  human apo-liver fatty acid binding protein, which 
shares a very high sequence identity (>82%) with that of rat LFABP,  was solved 
using X-ray crystallography (Kursula et al., 2005), and shows a nearly identical 
conformation with that of the holo form; structural alignment of apo- and holo- 
conformations gives the backbone RMSD (Cα atoms) of 1.3 Å. Along with the 
structures of other FABPs, there is no obvious openings on the surface of this protein, 
so as to allow the exchange of ligands with those in the bulk solvent. Thus, structural 
re-organization would be necessary for the ligand uptake and release. Considering 
that the ligands of LFABP involve bulkier and rigider compounds than fatty acids, the 
structural rearrangement of LFABP would be more significant than other FABPs. 
 
2.1.3 A brief summary 
Ligand entry and exit are intrinsically dynamical processes – conformational 
rearrangement, forming transient openings, is required for both apo-form and holo-
form proteins, so as to allow the exchange between bound ligands and ligands in bulk 
 16
solvent. Structural studies have provided the primary bases for understanding the 
function of fatty acids- FABPs interactions, but are not able to reveal the dynamical 
details involved in these processes, thus experimental and computational 
investigations of the dynamics of FABPs are recognized as the crucial step toward 
answering this question. 
 
2.2 Characterization of the dynamics of fatty acid binding proteins 
Complexity involved in the time-dependent structural changes renders protein 
dynamics very difficult to be studied by many ordinary techniques; however, 
continuous efforts have been made to characterize the dynamics of FABPs, in order to 
illustrate the basic mechanism of ligand entry/exit. NMR spectroscopy, which 
provides residue-specific dynamics information on multiple timescales, was 
frequently employed to study the dynamics of FABPs on the picosecond to 
nanosecond timescale. On the other hand, computer simulation provided a theoretical 
approach to completely describe the trajectories of each atom, and was applied to 
investigate the dynamical interplay between ligands and FABPs.  
 
2.2.1 Fast dynamics of fatty acid binding proteins on the picosecond to 
nanosecond timescales 
As reviewed in Section 2.1.1, Hodsdon and Cistola (1997b) proposed the “dynamical 
portal region” hypothesis based on the NMR structural studies on IFABP. However, 
the structural disorder shown in NMR ensemble structures does not necessarily reflect 
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structural flexibility, thus, experimental characterization of the dynamics of the portal 
is crucial for testing this hypothesis. 
 
A set of NMR relaxation experiments (15N T1, T2, and {1H}15N NOE) were employed 
by Hodsdon and Cistola (1997a) for characterization of the backbone dynamics of rat 
IFABP on the picosecond to nanosecond timescales. Their results indicated that the 
“portal region” of apo-IFABP (V26-N35, S53-R56, and A73-T76) was highly flexible, 
characterized by low order parameters and significant conformational exchange. The 
saturation transfer experiment (Hodsdon & Cistola, 1997a) also showed that this 
region underwent fast hydrogen exchange. Furthermore, although the similar pattern 
of flexible regions was also observed on the holo-IFABP, the magnitude of flexibility 
was significantly attenuated. These results agreed very well with the “dynamical 
portal” model proposed previously. However, an independent study from another 
group (Zhang et al., 2006) has challenged the validity of the results from these 
relaxation experiments. 
 
NMR relaxation studies on human IFABP (Zhang et al., 2006) showed that although 
α-helix II was slightly more flexible on the picosecond to nanosecond timescale than 
other parts of the protein, comparisons between the apo- and holo-forms showed no 
differences within the experimental error. In this study, the special care was taken by 
the authors to avoid the complication of exchange contribution to transverse 
relaxation (Rex) with intrinsic transverse relaxation rates (R2). This result shows 
distinct difference from the one obtained previously (Hodsdon & Cistola, 1997a). 
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Moreover, the relaxation experiments (Yang Daiwen et al., unpublished results), 
which measured the fast dynamics of rat IFABP (the same protein with the one in 
Hodsdon’s work), proved the relative rigidity of the backbone of rat IFABP, which 
disagrees with the previous results (Hodsdon & Cistola, 1997a).  
 
In addition to the work by Zhang et al., the dynamics studies on the ps-ns timescales 
for heart-, epidermal-, and muscle- FABPs also reveal the relative rigidity of the 
backbones of these FABPs (Lucke et al., 1999; Gutierrez-Gonzalez et al., 2002; 
Constantine et al., 1998). Furthermore, the side-chain methyl dynamics of IFABP, 
AFABP and MFABP, which has been measured on the ps-ns timescales (Zhang et al., 
2006; Constantine et al., 1998), does not reveal any obvious correlation between the 
side-chain disorder and the proposed “portal region” of FABPs either. Therefore, the 
proposed “dynamical portal” hypothesis (Hodsdon & Cistola, 1997a) does not 




2.2.2 Slow dynamics of fatty acid binding proteins on the microsecond to 
millisecond timescale 
As the dynamics studies on the ps-ns timescales have not satisfactorily answered the 
ligand entry/exit mechanisms, it is reasonable to surmise that the functionally relevant 
dynamics may happen on a much slower timescale. 
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Many biochemical events happen on the microsecond to millisecond timescales; 
protein dynamics on this timescale could be directly coupled to the protein function 
(Eisenmesser et al., 2002). Although the conformational dynamics of FABPs on the 
µs-ms timescales have not been investigated in detail yet, the amide hydrogen 
exchange (Hodsdone & Cistola, 1997a), as well as the Rex term obtained in the model 
free analysis (Gutierrez-Gonzalez et al., 2002; Constantine et al., 1998), did indicate 
that fatty acid binding proteins undergo slow motions on this timescale. It was 
previously hypothesized that the conformational exchange of the “portal region” 
might represent a dynamic equilibrium between the open and closed states of the 
portal (Constantine et al., 1998), regulating the ligand entry process. Therefore, 
detailed/quantitative characterization of such slow motions is highly desirable. 
 
The relaxation dispersion experiment is designed for quantitatively measuring such 
slow dynamics on the millisecond timescales (Palmer et al., 2001; Mittermaier & Kay, 
2006). Theories and technical details about this experiment will be reviewed in 
Section 2.3. 
 
2.2.3 Molecular dynamics simulation of fatty acid binding proteins 
In spite of many experimental efforts made to explore dynamics of FABPs, the 
atomic trajectories, which describe the complete dynamical details of a given process, 
still could not been captured by currently available experimental techniques. 
Therefore, molecular dynamics (MD) simulation has been extensively used to study 
the dynamics of fatty acid binding proteins (Mihajlovic & Lazaridis, 2007; Tsfadia et 
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al., 2007; Friedman et al., 2005; Friedman et al., 2006; Likic & Prendergast, 1999; 
Likic & Prendergast, 2001; Woolf et al., 1998; Woolf et al., 2000).  
 
Although direct observation of ligand entry and exit in MD simulations is highly 
desirable for the current purpose, the timescale for this process is much longer than 
the one (nanoseconds ~ tens of nanoseconds) which could be routinely accessed using 
ordinary MD simulations nowadays. Thus, complete entry or exit of ligands has 
rarely been reported in ordinary MD simulations. Early simulation work, hence, 
focused on the study of the exchange of internal water molecules (Likic & 
Prendergast, 2001). Although the exchange of water molecules is much faster than 
that of fatty acids and can be easily recorded in nanosecond simulations, the size of 
water molecules is significantly smaller than that of fatty acids and other bulky 
ligands, and the same exchange pathway may not be applicable to the latter. In the 
recent simulation work, direct interplay between fatty acids and FABPs was focused 
on. Tsfadia et al. (2007) recently reported a successful case of MD simultion in which 
a palmitate successfully penetrated into the cavity of toad liver basic fatty acid 
binding protein (Lb-FABP) from the bulk solution, which, nonetheless, was quite 
infrequent in the extensive simulations of many independent runs. Dissociation of the 
fatty acid from intestinal FABP (IFABP), which was facilitated by a predefined force 
with constant direction, was also reported (Mihajlovic & Lazaridis, 2007). However, 
steered simulation, though being very effective in dissociating the ligand, could not 
be used to identify tentative new pathways. 
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Despite the significant amount of MD simulation work on FABPs, the satisfactory 
answers of ligand association/dissociation pathway(s) are not yet available, mainly 
due to the long timescale of this process. Thus, employment of alternative 
strategies/algorithms would be needed for effective simulations of this process. 
 
2.2.4 Summary of the previous dynamics studies and the aim of current studies 
In the past two decades, in order to address the basic questions of how fatty acid 
binding proteins accommodate their ligands, the focus of people’s research work 
gradually shifted from structure determination to dynamics characterization. 
Compared with relative maturity of experimental techniques for protein structure 
determination, characterization of protein dynamics is still a technically challenging 
topic nowadays. Despite that various attempts have been made to illustrate the 
dynamical properties of FABPs, many dynamical and structural mysteries regarding 
this protein family still remain. In the present studies, we aim to utilize the state-of-
the-art NMR techniques and computer simulation to further investigate the dynamical 
properties of liver fatty acid binding protein, and to push forward our understanding 
of ligand entry/exit mechanisms. The model protein in this study, LFABP, has the 
capacity to interact with a wide variety of ligands with different structures and 
properties. The mechanisms of how these ligands enter/exit the binding sites are of 
significant interest.  
 
NMR relaxation experiments and molecular dynamics simulation are the two major 
methodologies employed in the current work. The following sections (2.3 & 2.4) will 
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review the theoretical background of these methodologies, respectively. Details about 
the experimental setup will be described in following individual chapters. 
 
2.3 NMR relaxation in liquids 
The spin relaxation phenomenon contains a rich source of information on molecular 
dynamics, which can be extracted from a suite of NMR relaxation experiments. The 
main theoretical aspects of spin relaxation are summarized in the following section, 
with special acknowledgement to the previous work and reviews by (Redfield, 1965; 
Wangsness & Bloch, 1953; Abragam, 1961; Ernst et al., 1987; Kowalewski et al., 
2006; Korzhnev et al., 2001; Cavanagh et al., 2007). The more thorough review on 
spin relaxation theories, including details in the derivation of relaxation equations, 
would be available elsewhere (McConnell, 1987; Kowalewski et al., 2006). 
 
2.3.1 Theory of spin relaxation in liquids 
2.3.1.1 The master equation 
A semiclassical theory of spin relaxation was formulated by Bloch, Wangsness, and 
Redfield (Redfield, 1965; Wangsness et al., 1953), in which the spin systems are 
described quantum mechanically while the surroundings are treated classically. 
)()( 10 tHHtH +=                                             (2.3.1) 
in which H0 is the time independent Hamiltonian acting on the spin system, and H1 is 
a random Hamiltonian coupling the spin system to the lattice. The master equation 
(Ernst et al., 1987), describing the time evolution of density operator (σ), can be 
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derived from the Liouville-von Neumann equation by substitution of H(t), and is 
given in the interaction representation as: 
∫∞ −−−= 0 011 ]])(,)([),([)( τσστσ dttHtHdt td TTT
T
                     (2.3.2) 
with 
)exp()exp( 00 tiHQtiHQ
T −=                                   (2.3.3) 
where Q stands for H1 or σ; σ0 is the density operator in the thermal equilibrium state.  
In order to obtain the above form of master equation, the important assumption 
employed is:  
RtC /1<<<<τ                                               (2.3.4) 
where τC is the characteristic correlation time, and R is the relevant relaxation rate. 
For protein molecules in water solutions, this condition is almost always satisfied. 
 
In the eigenbase of the Hamiltonian H0, the matrix representation of the master 
equation (Ernst et al., 1987), with the condition of secular approximation 
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2.3.1.2 Relaxation mechanisms: DD, CSA, and relaxation interference 
For spin-1/2 nuclei in the diamagnetic environment, the dipole-dipole (DD) 
interactions between neighboring nuclei and the chemical shielding anisotropy (CSA) 
are generally dominating factors of spin relaxation in liquids. For the dipolar 










tH SIDD ⋅⋅−⋅= π
γγµ η                        (2.3.6) 
in which, I and S represent the operators of spin angular momentum; )(tr is the 
internuclear unit vector and r(t) is the distance between the two nuclei, both of which 
are functions of time; γI and γS are the gyromagnetic ratios of the two spins; µ0 is the 
permeability of free space. For chemical shielding from the local electronic 
environment of a nucleus I, the Hamiltonian is: 
IBH I
CS ⋅Ω⋅= 0γ                                                 (2.3.7) 
where B0 represents the external field, Ω denotes the chemical shielding tensor. Ω can 
be further separated into the isotropic and anisotropic part, the latter of which changes 
with molecular motions and causes spin relaxation. The Hamiltonian operators for 
chemical shielding and dipolar interaction can be further expanded as irreducible 
tensor operators. (Korzhnev et al., 2001) 
 
Although the two relaxation mechanisms (DD and CSA) have different physical 
origins, they might be cross-correlated with each other due to the same molecular 
motions, which give rise to the time-dependent random variation of each Hamiltonian. 
Such a cross-correlation effect will influence the NMR spectra in a special way. We 
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will focus on the discussion of its effect on transverse relaxation here. The evolution 
























−+−−= ηπ      (2.3.8) 
in which the I spin is assumed on resonance. The superscripts (DD & CSA) refer to 
different relaxation mechanisms, R2I and R2IS are auto-relaxation rates of in-phase and 
antiphase operators, respectively. JIS is the scalar-coupling constant between spins I 
and S. ηxy is the cross-correlated relaxation rate, which originates from relaxation 
interference (Cavanagh et al., 2006). It can be seen from (2.3.8) that ηxy links the in-
phase and antiphase magnetizations, which would complicate the analysis of apparent 
relaxation rates in CPMG-type relaxation dispersion experiments. More details about 
this effect will be discussed in Chapter 4. Another interesting effect (on the positive 
side) of relaxation interference is that it causes differential relaxation of the doublet 
components; selection of the slowly relaxing component is utilized in TROSY 
experiments to overcome the problem of fast relaxation in large size proteins 
(Pervushin et al., 1997). 
 
2.3.2 NMR relaxation parameters and model free formalism 
T1, T2 and steady state heteronuclear NOE are the most commonly measured NMR 
relaxation parameters, from which the information on protein dynamics can be 
extracted based on the model free analysis. For an amide 15N spin, the expressions for 
the individual parameters can be derived from the master equation, by taking into 
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account the dipolar interaction (between 15N and the attached proton) and chemical 
shielding anisotropy, 
[ ] )()(6)(3)()4/(/1 221 NNHNNH JcJJJdT ωωωωωω ++++−=               (2.3.9) 
[ ])(6)(6)(3)()0(4)8/(/1 22 NHHNNH JJJJJdT ωωωωωω ++++−+=  
[ ])0(4)(3)6/( 2 JJc N ++ ω                                                              (2.3.10) 
[ ] 12 )()(6)/)(4/(1 TJJdNOE NHNHNH ωωωωγγ −−++=                        (2.3.11) 
where [ ] 320 )8/( −= NHHN rhd πγγµ , σω ∆= )3/( Nc , 0µ  is the permeability of free 
space, Nγ  and Hγ are the gyromagnetic ratios of 15N and 1H respectively, h is 
Planck’s constant, NHr is the internuclei distance, and σ∆  is the difference between 
the parallel and perpendicular components of the assumed axially symmetric 
chemical shift tensor (Abragam, 1961; Farrow et al., 1995; Cavanagh et al., 2007). 
 
A very useful approach to represent the spectral density function using the amplitude 
of internal motions and correlation times is known as the model free formalism 
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in which τC is the overall correlation time. τ-1 = τC-1 + τe-1, τe is the effective correlation 











S                                      (2.3.13) 
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in which the overbar represents the ensemble average. 0c is the spatial function for the 
given relaxation mechanisms. The generalized order parameter ( 10 2 ≤≤ S ) is a very 
useful value indicating the flexibility of the molecules. )(2 ΩqY  are the modified 
second-order spherical harmonic functions, and Ω is the time dependent polar angle 
defining the orientation of the internuclear unit vector (for dipolar interaction) or the 
symmetry axis of the chemical shielding tensor (for CSA interaction). 
 
When the overall rotational diffusion is not isotropic in the solution, an alternative 
approach of the model free formalism was suggested (Schurr et al., 1994), which was 
also demonstrated to be very useful for the flexible systems, e.g. partially unfolded 
proteins (Yang et al., 1997; Ran et al., 2003). In this approach, a localized correlation 



















−++=                            (2.3.14) 
in which 'eτ is an effective correlation time, satisfying loce ττ <<' . 
 
2.3.3 Conformational/chemical exchange effects in NMR spectroscopy 
Exchange processes (originated from protein conformational dynamics or 
biochemical reactions) are present in many biologically important systems. NMR 




In a two-site (A and B) exchange system, if a given spin probe exchanges between 
two magnetically distinct environments, the spin relaxation rates would be 
significantly influenced in a different mechanism from that of the intrinsic relaxation. 
The following discussion will focus on the exchange effects on transverse relaxation. 
For a two-state exchange process,  
 
the most fundamental description of the exchange system is given by McConnell 
equation (McConnell, 1958): 
MiKRM
dt
d )( Ω−−−=                                        (2.3.15) 
in which M is a vector denoting the transverse magnetizations of A and B states, R is 
the relaxation matrix, K is the kinetic matrix, and Ω is the matrix for chemical shift 
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baBABA kkRRii ,2,2                            (2.3.23) 




,2,2,2,2 babaBABAbaBABA kkkkRRiikkRRii +−+−+Ω+Ω−±++++Ω−Ω−=±λ
(2.3.24) 
 
The NMR spectrum of the exchange system is given by Fourier transformation of the 
sum of the magnetizations. As shown in the simulated spectra (Figure 2.3.1), the 
presence of slow exchange between two states will shift the two signals toward each 
other, accompanied by the broadening of line-widths. The two peaks will coalesce at 
the intermediate exchange rate (kex ≈ ∆ω), and further increase of kex will sharpen the 
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coalesced peak. The coalesced peak will eventually reach the population-weighted 
average chemical shift (pAΩA+ pBΩB) when kex >> ∆ω. According the relative values 
of kex and ∆ω, chemical/conformational exchange is often referred to as “fast”, 
“intermediate”, or “slow” (Palmer et al., 2001): 
Slow exchange:   kex < ∆ω 
Intermediate exchange:  kex ≈ ∆ω 










Figure 2.3.1 Lineshapes of two-state chemcial exchange. The spectra were 
simulated with R2A = R2B = 14 s-1, ∆ν = 200 Hz, and with symmetric (pA = pB = 50%; 
a-f) or skew (pA = 90%, pB = 10%; g-l) populations. The exchange rates are 10000 










2.3.4 Transverse relaxation dispersion experiment 
Although the relaxation of the magnetization under the effect of chemical exchange 
can be described by Equation (2.3.21), the apparent relaxation rates ( effR2 ) may have 
different values in the presence of CPMG pulse trains (-τCP/2-180º-τCP-180º-τCP/2-)n. 
Manipulation of the inter-pulse delay (τCP) to generate a series of apparent transverse 
relaxation rates is the basic idea in the transverse relaxation dispersion experiment. 
 
The magnetization at the end of a CPMG pulse train is, 
)0()()2( ** MAAAAnM nCP =τ                                     (2.3.25) 
in which n is an integer, A is the matrix with elements )( CPija τ in equation (2.3.21), A* 
is the complex conjugate of A  (Palmer et al., 2001). The general expression of the 
transverse relaxation rate ( effR2 ) of the dominant site A is given by (Carver & 
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The exchange contribution to the transverse relaxation rate (Rex) can thus be written 
as: 
)()0( 22 ∞→−→= CPeffCPeffex RRR νν                                          (2.3.28) 
where )2/(1 CPCP τν = . 
 
Experimentally, a series of apparent relaxation rates ( effR2 ) can be measured under a 
range of CPMG frequencies ( CPν ) and at several different magnetic fields; fitting 
these data into the theoretical curve (equation 2.3.26) would allow the extraction of 
exchange rates (kex), chemical shift difference ( ω∆ ), and populations of the two 
states (pA and pB).  
 
Although this method could be potentially very powerful to quantify conformational 
dynamics, its limitations should be concerned: 
1. Very fast or slow exchange processes, which give Rex ≈ 0, are not applicable 
for this method; on the other hand, very large Rex is also undesirable, which 
gives very poor sensitivity (S/N). 
2. Although this method could be potentially applied to exchange systems with 
more than two states, only favorable cases of the three-state exchange systems 
could be quantitatively studied, (which is based on global fit of all residues 
with a large number of experimental data sets). For exchange systems with 
more than three states, this method is generally not applicable. 
3. The amplitude of the motion, which sometimes is more important than 
timescales, is not directly available from this experiment. 
 34
4. Utilization of multiple refocusing pulses makes the CPMG pulse train very 
sensitive to pulse imperfections. The undesired pulse artifact could complicate 
the data analysis.  
 
2.4 Molecular dynamics simulation 
Molecular dynamics (MD) has been more and more recognized as an important 
simulation technique in the modeling studies of biological macromolecules, which 
provides information on the time-dependent evolution of the molecular systems. 
Detailed discussion of its working principles and algorithms is beyond the scope of 
this thesis, which, however, can be found in other books and review papers (e.g. 
Allen & Tildesley, 1989; Frenkel & Smit, 1996; Becker et al., 2001; Rapaport, 2003; 
Klepeis et al., 2009). The following sections provide a brief review on the theoretical 
backgrounds of this technique.  
 
2.4.1 Basic principles 
Molecular dynamics simulation is one of the computational methods for molecular 
modeling of biological molecules (e.g. protein, DNA, RNA, etc.). This method 
simulates the dynamical behavior of complex systems (with all-atom representation) 
by numerically solving Newton’s equations of motion. The global algorithm for MD 
simulation is given as following: 
Step 1: Input initial conditions: 
 Positions (r) of all atoms in the system 
 Velocity (v) of all atoms in the system (optional) 
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 Potentials (V) for all types of interaction 
Step 2: Compute forces: 




∂−=                                                            (2.4.1) 
The total potential is contributed by bonded, non-bonded interactions, as well 
as the restraints and external forces. 
Step 3: Update configuration: 
The movement of the atoms is simulated by numerical integration of the 
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Step 4: Output data: positions, velocities, energies, etc. 
The steps 2, 3, 4 are repeated for a given number of steps. (van der Spoel et al., 2005) 
 
The numerical trajectory obtained from the iteration of these steps contains the time-
dependent information on the position and velocity of each atom, which can be 
subjected to further analysis according to requirements of individual studies. 
 
2.4.2 Force field for biomolecular simulations 
The molecular mechanical force field in molecular dynamics simulations refers to the 
functional forms and parameters for describing all types of potential energies in a 
system. A relatively simple form of potential functions in many commonly used 
protein force fields is written as: 
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612                                                          (2.4.4) 
where the first three terms describe bonded interactions, bk  and θk are force constants 
for bond lengths and angles; b and θ are bond length and bond angle, and b0 and θ0 
are corresponding equilibrium values; φ  is the dihedral angle, δ  is a phase angle, 
and φk  is the corresponding constant; potential functions for improper dihedrals (not 
shown here) could also be used in some force fields; The last term in (2.4.4) describes 
the non-bonded interactions, including electrostatics via Coulomb’s law (between qi 
and qj) and van der Waals interaction represented by a Lennard-Jones 6-12 potential; 
the non-bonded interactions normally exclude 1-2 and 1-3 interactions, and use 
separate parameters for the 1-4 interactions. (Ponder & Case, 2003; Cornell et al., 
1995; Duan et al., 2003) 
 
Over the years, there have been a number of force fields developed for MD 
simulations, such as AMBER, OPLS, CHARMM, etc., among which AMBER is a 
family of force fields originally developed by Peter Kollman and coworkers for the 
simulation of biomolecules. In the development of this force field (Ponder & Case, 
2003), the partial atomic charges were derived from electrostatic potential (ESP) 
which was determined from quantum chemistry calculations. The van der Waals 
terms were adapted from fitting with amide crystal data (Hagler et al., 1974; Hagler 
& Lifson, 1974) and from liquid state simulations (Jorgensen, 1981). The parameters 
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of force constants and bond lengths and angles were taken from crystal structures, and 
were further adapted to match normal mode frequencies for different peptide 
fragments. The parameters of dihedral potentials were optimized to agree with 
torsional barriers determined from experiments or from quantum chemistry 
calculations. The all-atom model of the AMBER force field was developed to solve 
the problem associated with the “united atom” model (Weiner et al., 1986). Since 
early 1990s, efforts motivated by producing potentials suitable for condensed phase 
simulations had led to the development of newer generations of AMBER force fields, 
e.g. AMBER-94 (Connell et al., 1995) and AMBER-03 (Duan et al., 2003). In the 
latter force field, Duan and coworkers (2003) re-derived the point charges and main-
chain torsion parameters based on quantum mechanical calculations conducted in the 
condense phase with continuum solvent models, which further improved the 
condensed-phase simulations of proteins. This force field (AMBER-03) is adopted in 
the current studies. 
 
2.4.3 Limitations of MD simulation 
Although MD simulation is found quite useful and reliable in most simulations for 
macromolecules in aqueous solution, it is helpful to consider its limitations as well 
(van der Spoel et al., 2005): 
 
Firstly, usage of Newtonian mechanics for describing the molecular motions implies 
that the simulation is classical. Although this is all right in most situations for 
macromolecular simulation, there are certain processes which cannot be properly 
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described classically, e.g. the tunneling of hydrogen atoms, vibration of chemical 
bonds at high frequencies, transfer of electrons, chemical reactions, etc.  
 
Secondly, the force fields used for simulation are approximate, e.g. the current force 
field does not incorporate atomic polarizability and fine-tuning of bonded interactions; 
van der Waals interaction is cutoff in the simulation; moreover, the parameterization 
of the force field, based on experimental data or quantum calculations, is also 
approximate. 
 
Thirdly, although the periodical boundary conditions commonly used in MD 
simulations might be desirable for simulation of a crystal system, such conditions are 
unnatural for liquid simulation.  
 
Lastly, the time scales (microseconds to seconds) for many functionally important 
dynamics are still beyond the affordable simulation time nowadays, which is a 
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Chapter 3: NMR sample preparation, resonance assignment and structure 
calculation of LFABP 
 
Mass production of recombinant proteins using bacterial overexpression systems (e.g. 
Escherichia coli) in the isotope-enriched media, followed by purification procedures 
using various biochemical techniques, has become the widely used protocol for the 
preparation of NMR samples. These highly purified samples could be used in a suite 
of NMR experiments, from which the resonances of protein backbone and sidechains 
could be assigned, further allowing either structure determination or characterization 
of dynamics. 
 
3.1 Materials and methods 
3.1.1 Media 
The M9 minimal medium (1 L) includes the following ingredients: 1 g NH4Cl, 4 g 
Glucose, 0.011 g CaCl2, 0.24 g MgSO4, 6.78 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 
and 100 mg ampicilin. 15N enriched NH4Cl and/or 13C enriched Glucose as the sole 
source of nitrogen and/or carbon were used for isotope-labeling of the protein.  
 
LB medium, used for initial test of protein expression, was prepared according to the 
instructions of the manufacturer. 
  
3.1.2 SDS-polyacrylamide gel (SDS-PAGE) electrophoresis 
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SDS-PAGE was used for qualitative evaluation of protein expression and purification. 
The sample for SDS-PAGE was prepared by adding 5× loading buffer (0.2 M Tris-
HCl, pH 6.8, 25% (v/v) glycerol, 25% (v/v) SDS, 12.5% (v/v) 2-mercaptoethanol, 
0.005% (w/v) bromophenol blue) and further boiling for 5min; the whole-cell sample 
was boiled for at least 10 min. The running buffer was prepared as 25 mM Tris, 192 
mM glycine and 0.1% (v/v) SDS. The gels were stained using Coomassie-blue 
solution (0.05% (w/v) Coomassie brilliant blue, 25% (v/v) isopropanol, 10% (v/v) 
acetic acid) for about 30 min, and distained in 10% acetic acid solution (with a piece 
of tissue) for 30~60 min. (Lin, 2006) 
 
3.1.3 Expression and purification of LFABP 
The cDNA coding the human liver fatty acid binding protein (127 residues) was 
subcloned into the expression vector pET-M (Figure 3.1.1) between the restriction 
sites BamH I and Xho I1, and was transformed into Escherichia coli BL21(DE3) cells. 
A single colony of the bacterial cells was inoculated into 10 ml M9 minimum 
medium containing 15N-labeled NH4Cl and/or 13C-labeled Glucose as sole nitrogen 
and/or carbon sources, and was grown overnight at 37 ○C with shaking. The 10 ml 
overnight culture was further inoculated into 1 L M9 medium and grown until the 
OD600 reached 0.6~0.8. The expression was then induced by adding isopropyl-beta-D-
1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After induction, the 
bacterial culture was further shaken at 20 ○C for overnight expression of the 
recombinant protein. The E. coli cells were then harvested by centrifugation. The 
                                                 




Figure 3.1.1  The pET-32a derived plasmid (pET-M). (a) The diagram of pET-
32a(+) plasmid. (b) The multiple cloning sites and expression region. The DNA 
sequence shown in the box was removed in the pET-M vector. (Lin, 2006) 
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protocol for expressing LFABP using the LB medium was the same with that of the 
M9 medium. 
 
The cell pellet was re-suspended in 40 ml lysis buffer (50 mM Tris, 300 mM NaCl, 
10 mM imidazole, pH  8.0) and sonicated on ice for 20 min. After centrifuging at 
15,000g for 30 min, the supernatant was mixed with 4 ml Ni-NTA beads pre-
equilibrated with lysis buffer, and was incubated at 4 ○C with mild shaking for ~30 
min. The resin was then washed with 20 ml washing buffer (50 mM Tris, 300 mM 
NaCl, 20 mM imidazole, pH  8.0). The his-tagged LFABP was finally eluted with 15 
ml elution buffer (50 mM Tris, 300 mM NaCl, 250 mM imidazole, pH  8.0) (Qiagen, 
2003). Imidazole was removed by dialyzing the eluted protein solution against the 
buffer (50 mM Tris, 300 mM NaCl, pH  8.0). After thrombin cleavage of the N-
terminal His-tag (optional), the protein solution was concentrated to <5 ml and 
applied to fast protein size-exclusion liquid chromatography (FPLC) for further 
purification. The purified LFABP from gel filtration was delipidated by lipidex 
affinity chromatography at 37 ○C (Glatz & Veerkamp, 1983a; Glatz & Veerkamp, 
1983b; Lassen et al., 1995). Finally, by thorough buffer exchange, protein samples 
were prepared (~0.5 mM 13C,15N-labeled LFABP, 50 mM NaCl, 1 mM EDTA, pH 
6.5, 90% H2O, and 10% D2O) for NMR experiments. 
 
3.1.4 NMR experiments for structure determination of LFABP 
The general strategy for protein resonance assignment and structural determination 
(Xu et al., 2006), based on a set of NMR experiments (3D HNCA, 3D MQ-CCH-
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TOCSY, and 4D NOESY spectra), was used for the resonance assignment and 
structure determination of LFABP. In this work, a time-shared 4D NOESY 
experiment was applied, replacing the two 4D NOESY experiments (4D 13C,15N-
edited NOESY, 4D 13C,13C-edited NOESY) in the original method by Xu et al. 
(2006). Reducing the number of required experiments indicates an alternative way for 
rapid data collection. The NMR spectra (4D time-shared NOESY, MQ-CCH-TOCSY, 
and HNCA) were recorded on a 500 MHz (Bruker) spectrometer for 13C, 15N-
enriched LFABP at 25 ○C. 
 
3.1.4.1 4D time-shared 13C/15N, 13C/15N-edited NOESY 
The time-shared 4D NOESY experiment was developed based on the idea of 
simultaneous acquisition of several spectra (Farmer & Mueller, 1994; Pascal et al., 
1994; Xia et al., 2003; Frueh et al., 2006; Lin et al., 2006). The pulse scheme for this 
time-shared 4D NOESY is detailed in Figure 3.1.2 (Xu et al., 2007), which 
simultaneously records four 4D NOESY spectra -- 13C, 15N-edited NOESY,  15N, 13C-
edited NOESY, 15N, 15N-edited NOESY, and 13C, 13C-edited NOESY. To optimize 
the spectral sensitivity, the HMQC-NOESY-HSQC scheme was used in the pulse 
scheme, which allowed the record of 1H chemical shift evolution during the INEPT 
transfer period. The gradient g6, placed just at the end of the mixing period, allowed 
optimal recovery of water magnetization, leading to sensitivity enhancement. The 15N 
180○ pulse, placed just after the second t2a period, would allow discrimination of NH-
NH NOEs from CaroHaro- CaroHaro (aromatic) NOEs. Additional acquisition period (t3a) 




Figure 3.1.2 Pulse sequence for recording 4D time-shared 13C/15N, 13C/15N-edited 
NOESY. All narrow (wide) bars represent 90° (180°) rectangular pulses. Rectangular 
1H, 13C, and 15N pulses are applied with field strengths of 25, 17, and 6 kHz, 
respectively. The 1H shaped 90° pulses have a rectangular profile (1.6 ms, water-
selective). The 13C shaped 180° pulses are ca-WURSTs, which sweep from low to 
high fields (filled shape:  400 µs; peak rf, 13.2 kHz; bandwidth, 32 kHz; open shape: 
600 µs; peak rf, 10.3 kHz; bandwidth, 36 kHz). 15N-decoupling is achieved with use 
of a 0.78 kHz GARP field, while 13C-decoupling is achieved by using adiabatic 
CHIRP with a peak rf of 2.9 kHz on a 500 MHz machine. 13CO-decoupling during t3a 
uses WALTZ-16 with the seduce-1 shape of each element (centered at 178 ppm, peak 
field strength of 3.3 kHz). The delays used are T = 1.91 ms, δ = T − 1.7 ms, τa = 1.8 
ms, τb = τc − τa, τc = 2.2 ms, t1 = 4 × t1a + 2 × t1b (t1b was set to 0 in this experiment), t2 
= 2t2a, t3(13C) = 2t3b, t3(15N) = 2t3a + 2t3b. The durations and strengths of gradients are 
g1 = (1 ms, 15 G/cm), g2 = (0.2 ms, 10 G/cm), g3 = (0.2 ms, 17.5 G/c,), g4 = (0.2 ms, 
32.5 G/cm), g5 = (0.2 ms, 25 G/cm), g6 = (2 ms, 20 G/cm), g7 = (1.5 ms, 25 G/cm), 
g8 = (0.5 ms, 22.5 G/cm), g9 = (0.4 ms, 25 G/cm); g2−g5 are rectangle-shaped 
gradients, while others are sine-shaped. Weak bipolar gradients (1.5 G/cm) are used 
during t3b. The phase cycling employed is φ1 = x; φ2 = x, −x; φ3 = 45°; φ4 = x, x, −x, 
−x; φref = x, −x, −x, x. Quadrature detections in F1, F2, and F3 are achieved by States-










13C magnetization was converted to Z-direction during t3a periods. For the LFABP 
sample, 26×18×19×512 complex points were acquired in F1, F2, F3, F4 dimensions, 
respectively. The carriers were centered at 4.7, 56.7, and 120.5 ppm for 1H, 13C, and 
15N, respectively. The spectrum widths for F1/ F2/ F4 dimensions were 5051Hz/ 
2767Hz/ 8013 Hz, respectively; the spectral width for F3 dimensions was 2767 Hz 
(1216 Hz) for the 13C (15N) spin. The NOE mixing time (τm) was set to 100 ms. The 
recycle delay was 1 s. The number of scan was 4. 
 
3.1.4.2 MQ-CCH-TOCSY 
The MQ-CCH-TOCSY experiment (Zheng et al., 2004), which establishes the 
correlations of sidechain 13C, 13C, 1H through a TOCSY scheme, was applied in this 
study. The non-constant time acquisition mode employed in the t2 period of this pulse 
scheme would provide better sensitivity than the constant time (CT) MQ-(H)CCmHm-
TOCSY experiment (Yang et al., 2004). The spectrum data acquired for the LFABP 
sample comprised 65×23×512 complex points with spectral widths of 8302 Hz, 2767 
Hz, 8013 Hz in F1, F2, and F3 dimensions, respectively. The 13C and 1H carrier 
frequencies were set to 41.7 ppm and 4.7 ppm, respectively. 
 
3.1.4.3 HNCA experiment 
The HNCA spectrum was recorded, which correlates the 1HN and 15N chemical shifts 
of each residue with 13Cα chemical shifts from the same residue and the preceding 
residue (Kay et al., 1990; Grzesiek & Bax, 1992). 25, 31, 512 complex points were 
acquired for F1 dimension (13C), F2 dimension (15N), and F3 dimension (1H), 
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respectively. The spectral widths for F1, F2, F3 dimensions were 2767 Hz, 1216 Hz, 
8013 Hz, respectively; and the corresponding carrier frequencies were 53 ppm, 120.5 
ppm, 4.7 ppm, respectively.  
 
All the NMR spectra (4D time-shared NOESY, MQ-CCH-TOCSY, and HNCA) were 
processed using NMRPipe (Delaglio et al., 1995) and analyzed in Sparky (Goddard & 
Kneller, 2003).  
 
3.1.5 Resonance assignment 
The strategy for resonance assignment in this study followed the published protocol 
(Xu et al., 2006), which was also described in detail at: 
http://www.natureprotocols.com/2006/11/09/noesybased_strategy_for_assign.php 
 
3.1.5.1 Sequential assignment 
The strategy for the sequential assignment consisted of five steps: 
Step 1: Based on the identical HN and N chemical shifts, the HC-NH NOEs and Cα-
NH correlations were grouped into clusters. 
Step 2: Spin system identification: the intraresidue and sequential HC-NH NOEs in 
4D 13C, 15N-edited NOESY were identified and separated with the use of HNCA and 
MQ-CCH-TOCSY. 
Step 3: residue types of the spin systems were classified based on 1H and 13C 
chemical shifts. 
 48
Step 4: Fragments were established from clusters by matching the intraresidue spin 
system of one cluster with the sequential spin system of another cluster. 
Step 5: The fragments were mapped onto the protein sequence, which was in the 
manner similar to the traditional triple resonance approach (Ikura et al., 1990).  
 
3.1.5.2 Sidechain assignment 
After obtaining the sequential assignments, majority of the aliphatic side chain 
resonances from the 4D 13C, 15N-edited NOESY and 3D MQ-CCH-TOCSY spectra 
could also be assigned (Xu et al., 2005). Based on initial NMR structures, some more 
assignments could also be obtained from 13C, 13C-edited NOESY. The aromatic 
sidechain resonances were assigned from the 4D 13C, 15N-edited NOESY and 13C, 
13C-edited NOESY spectra. 
 
3.1.5.3 NOE assignments and structure calculation 
Many sequential NOEs and intraresidue NOEs were already assigned during the 
backbone and sidechain assignment. More NOEs, especially medium- and long-range 
NOEs, were assigned from 4D 13C, 15N-edited NOESY, 15N, 15N-edited NOESY, and 
13C, 13C-edited NOESY sub-spectra, based on the 1H, 13C, and 15N chemical shift 
values obtained in the previous steps. Distance constraints for structure calculation 
were generated based on the relative intensities of the assigned NOE peaks, which 
were classified into three categories (2.9, 3.5, and 5.5 Ǻ). The distance constraints for 
pseudoatoms were corrected by increasing the individual upper distance bound by the 
distance between the pseudoatom and the individual protons. The backbone dihedral 
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angle constraints were generated using the TALOS prediction program (Cornilescu et 
al., 1999); only the prediction results classified as “Good” in the automated 
classifications by the VINA program were used for structure calculation. The initial 
protein structure was then calculated using DYANA software with the torsion angle 
dynamics algorithm (Herrmann et al., 2002). Based on the initial structure, more 
ambiguous NOEs were assigned, which in turn were included in the further structure 
calculations. 
 
3.2 Results and Discussion 
3.2.1 Sample preparation of LFABP  
The recombinant LFABP could be overexpressed easily in E. coli BL21 (DE3) in 
both LB medium and M9 medium, using the previously described protocol (section 
3.1.3). After sonication of the E. coli cells, most LFABP protein was soluble in the 
supernatant. With the chromatographic purification procedures, (Ni-NTA affinity 
chromatography followed by (FPLC) size exclusion chromatography), LFABP was 
satisfactorily isolated from the cell lysate, which was shown by the single band in the 
SDS-PAGE gel (Figure 3.2.1). Despite the successful removal of impurity proteins, 
the initially purified LFABP sample was bound with indigenous bacterial lipid 
molecules, thus the 2D 15N-1H HSQC spectrum appeared highly inhomogeneous 
initially. As shown in Figure 3.2.2A, significant broadening and splitting of HSQC 
peaks were observed for the initially purified protein, which is attributed to the 
binding of indigenous lipid molecules. After removal of indigenous lipids using 




Figure 3.2.1 Expression and purification of LFABP. (A) SDS-PAGE gel of the 
whole cell proteins before IPTG induction and after IPTG induction. (B) Purified 










Figure 3.2.2 15N-1H HSQC spectra of LFABP. (A) LFABP bound with indigenous 
lipids. Line-broadening and resonance splitting were attributed to the binding of 
various indigenous lipids. (B) Highly homogenous spectrum was obtained after 








resonances were shown in the HSQC spectrum (Figure 3.2.2B). The chemical shift 
dispersion showed that the purified protein was well-structured and suitable for 
further 3D and 4D experiments. 
 
The His-tag at the N-terminal end of LFABP could be removed by thrombin digestion, 
after which, two extra amino acids (Gly & Ser) of the His-tag would be left at the N-
terminal of LFABP, making the total number of residues to 129. Thus, LFABP’s own 
amino acids are numbered from 3~129 in Chapters 3-5, unless otherwise stated. In 
order to know whether the presence of the His-tag would have any perturbation on the 
structure of LFABP, the HSQC spectra of LFABP with and without the N-terminal 
His-tag were overlaid (Figure 3.2.3), which shows that only the resonances of N-
terminal residues2 (M3, S4, and F5) have significant changes. Thus, the presence of 









                                                 
2 The assignments of these N-terminal residues were obtained after the step of resonance assignment. 
In the experiment of structure determination, the LFABP sample without His-tag was used. 
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Figure 3.2.3 Overlay of HSQC spectra of LFABP with and without His-tag. The 
HSQC spectra were recorded at 500 MHz field at 25 ○C. The resonances of LFABP 
with and without His-tag are shown in blue and red, respectively. The N-terminal 












3.2.2 NMR assignment of LFABP 
3.2.2.1 Sequential assignment 
As described in the methods section, the backbone assignment was conducted by 
identifying the resonances belonging to individual spin systems, followed by 
establishing the connectivity of these spin systems. An example showing the chemical 
shift correlations of a spin system (residue T96) among three spectra (HNCA, CCH-
TOCSY, 13C,15N-edited NOESY) is shown in Figure 3.2.4. The sequential 
connectivity for a stretch of residues (T96-K98) is shown in Figure 3.2.5. Eventually, 
124 backbone resonances (out of 128 non-proline residues) were assigned using the 
above described strategy, as shown in Figure 3.2.6. Four backbone resonances, 
including two N-terminal residues, were missing in the spectrum. 
 
3.2.2.2 Sidechain and NOE assignment 
The assignment of sidechain resonances was also mainly based on HNCA, CCH-
TOCSY, 13C,15N-edited NOESY spectra, and the assignment of majority of aliphatic 
side chain resonances had already completed during the course of backbone 
assignment. For a few number of the sidechain peaks which were missing in the 
13C,15N-NOESY spectrum, assignments from 13C, 13C-edited NOESY were possible 
(at least in favorable cases), and could be further verified in the MQ-CCH-TOCSY 
spectrum. This step was further assisted when the initial structure was available. 
Many aromatic sidechain spins were also assigned from 13C, 15N-edited NOESY and 




Figure 3.2.4 The chemical shift correlation of the HNCA, 4D NOESY, and MQ-
CCH-TOCSY spectra.  The four spectra (from left to right) represents the T96 
amide strip in HNCA, T96 amide plane in 4D 13C,15N-edited NOESY, T96 CβHβ strip 
in CCH-TOCSY, and T96 CγHγ strip in CCH-TOCSY, respectively. The Cβ chemical 
shift folded once (1×SW) in 4D NOESY, and the Cγ chemical shift folded twice 








Figure 3.2.5 Sequential connectivity for a stretch of residues (T96-K98).  (A) 
Three slices (from left to right: T96, F97, and K98) of the 4D 13C,15N-edited NOESY 







Figure 3.2.6 Backbone assignment of LFABP. The 1H-15N HSQC spectrum was 
acquired at 500 MHz field at 25 ○C. 
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or sidechain (CHn) groups whose assignments were already known. Totally, >95% of 
the sidechain groups were assigned for LFABP. 
 
Once the relatively complete chemical shift list of backbone and sidechain groups 
was obtained, assignment of remaining NOEs was no longer difficult, although it 
could be time-consuming. Some initially ambiguous NOE peaks were resolved when 
the initial structure was available, and these NOE assignments were used for further 
structure refinement. The statistics of resonance assignments is listed in Table 3.2.1. 
 
3.2.3 Structure calculation  
In order to evaluate how the structure determination method (solely based on HNCA, 
MQ-CCH-TOCSY, and 4D time-shared NOESY) performs, the structure of LFABP 
was calculated. As a proof-of-concept study, the structure was calculated solely based 
on the distance restraints from 4D time-shared NOESY and dihedral restraints from 
TALOS prediction3. The ten NMR ensemble structures are shown in Figure 3.2.7, and 
a summary of the statistics on the NMR structure is listed in Table 3.2.1. 
Ramachandran plot (with 97.5% residues in the most favored and additionally 
allowed regions) proves the good quality of this structure (Figure 3.2.8). The overall 
conformation of the NMR ensemble structures is very similar to that determined by 
X-ray crystallography, which shows that the crystal structure of human LFABP 
represents the dominant conformation in solutions; alignment of the mean NMR 
structure with the X-ray structure yielded an RMSD of 2.29 Å. The result shown here,  
                                                 
3 As a proof-of-concept study here, we refrained from collecting structural restraints from additional 
NMR experiments (e.g. the H/D exchange experiment, 3D NOESY experiments, and RDCs), which 
although might be useful for refinement.  
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Table 3.2.1. Summary of assignments and structure of LFABP 
Assignment (assigned/expected):  
         Amide 124/128 
         CHn 393/413 
Distance restraints:  
         Intraresidue 722 
         Sequential 412 
         Medium range 123 
         Long range 322 
Dihedral restraints: 170 
Ramachandran plot (%):  
         Most favored region 84.8 
         Additionally allowed region 12.7 
         Generously allowed region 1.8 
         Disallowed region 0.7 
CYANA target function value (Å): 0.54±0.05 
Average RMSD to the mean structure 
(Å): 
 
         Backbone RMSD 1.07±0.16 









Figure 3.2.7 Superimposition of ten NMR conformers. The best ten structures (out 























Figure 3.2.9 Alignment of the NMR and X-ray structures of LFABP. The mean 
structure of the ten NMR conformers is shown in blue; the X-ray structure is orange. 












along with the other two proof-of-concept studies on ubiquitin and DdCAD-1 (Xu et 
al., 2007), verifies that the present experimental method could be used as an 
alternative to traditional approaches (e.g. Ikura et al., 1990) for structure 
determination of small/medium-sized proteins. Moreover, the total experimental time 
for this method could be significantly shorter than that for the traditional methods.  
 
3.3 Conclusion 
In this chapter, we conducted the resonance assignment and structure calculation of 
LFABP by a suit of NMR experiments (HNCA, CCH-TOCSY, and  4D time-shared 
NOESY). The backbone assignment is crucial for the further characterization of 
dynamics of LFABP, which is the main topic of this thesis. Structure calculation of 
LFABP demonstrates that the experimental strategy employed here could be used as a 
rapid data collection method for structure determination by NMR spectroscopy, 
which would have wide applicability in relatively instable protein samples that cannot 
last for more than a week. 
 
Although not being an initial purpose for designing the time-shared experiment, the 
time-shared 15N/13C-edited NOESY, introduced in the current study, does symmetrize 
the 4D spectrum, which allows further resolution enhancement by covariance 
transformation, which has been demonstrated by Brüschweiler and coworkers (2007). 
Covariance transformed 4D 15N/13C-edited NOESY spectrum could yield a resolution 
enhanced 5-fold over the non-shared 4D 15N/13C-edited NOESY measured with the 


























Chapter 4: Probing slow motions of LFABP on millisecond timescales  
 
4.1 A general overview 
As reviewed in Section 2.2.2, the discovery of intrinsic slow motions of FABPs 
provides an important alternative hypothesis for the ligand entry/exit mechanism, 
which makes it highly encouraging to quantitatively characterize such slow dynamics. 
In NMR spectroscopy, low population protein states, which might be related to 
protein functions, are often “invisible” due to both the low intensity of the signal and 
significant line-broadening. However, due to exchange effects (section 2.3.3), the 
chemical shift of the “invisible” state and kinetics information may be recorded in the 
relaxation behaviors of the major state that can be detected experimentally. Extraction 
of such dynamics information using the relaxation dispersion experiment (section 
2.3.4) is possible (Korzhnev et al., 2004a; Choy et al., 2005; Vallurupalli & Kay, 
2006; Neudecker et al., 2006; Korzhnev et al., 2007). Nonetheless, the artefacts 
associated with the pulse scheme in the experiment could undermine the data quality, 
especially for the exchanging system with a relatively small Rex, which is the situation 
in the current study of LFABP. 
 
In the rest of this chapter, an improved pulse scheme for accurately probing 
conformational exchange (with relatively small Rex) is described, followed by the 
application of this method to study the millisecond timescale dynamics of LFABP. 
 
4.2 Accurately probing millisecond timescale dynamics: The theory and method 
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4.2.1 Introduction: the theoretical background of the existing problem 
As reviewed in Section 2.3.4, the CPMG-based relaxation dispersion experiment 
applies a variable number of refocusing pulses during a constant time interval and 
suppresses Rex to different extents accordingly. A lot of effort has been made in the 
past decade to develop this relaxation dispersion strategy for the single-quantum (SQ) 
coherence of either nitrogen (Loria et al., 1999; Tollinger et al., 2001) or proton 
(Ishima & Torchia, 2003) spin. Further development to measure dispersion profiles of 
multiple-quantum (MQ) transitions was also published (Orekhov et al., 2004; 
Korzhnev et al., 2004b).  
 
For chemical exchange with large amplitude of Rex, these methods could normally 
work well; however, for that of small Rex, experimental artifacts are not negligible. 
Systematic errors of the dispersion data (SQ) could make it very difficult to extract 
kinetics parameters for residues with Rex < ~5 s-1. A potential cause of the deviation 
from the theoretical curves, being the off-resonance effect, could possibly be inferred 
from the previous work concerned with the application of the CPMG pulse train in 
the T2 experiment (Zweckstetter & Holak, 1998; Korzhnev et al., 2000; Gullion et al., 
1990; Yip & Zuiderweg, 2004), and the Bloch simulations suggested that phase 
cycling would be an efficient way to suppress this artifact (Yip & Zuiderweg, 2004). 
However, the relaxation dispersion experiment differs from the T2 experiment in the 
way that the CPMG frequency ( CPν ) is non-constant in the former. Thus, a thorough 
investigation of CPν -dependent artifacts is necessary in the current studies. Imperfect 
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refocusing pulses (originating from RF inhomogeneity, miscalibrated pulse 
parameters, and off-resonance effects of both nitrogen and proton spins), and 
undesired spin relaxation mechanisms (including cross-correlated relaxation between 
DD and CSA of amide HN and N, and cross relaxation between HN  and remote 
protons) are all potential factors contributing to the fluctuation of relaxation 
dispersion curves. To the best of our knowledge, neither have these issues been 
examined in detail, nor have any practical solutions, in the context of the relaxation 
dispersion experiment, been implemented in experiments. In our current work, we 
will examine these effects using both numerical simulations and experiments. 
 
4.2.2 Results and Discussion 
 
4.2.2.1 Numerical optimization of the phase cycling scheme for relaxation 
dispersion experiment 
The average Hamiltonian theory expresses the propagator of a given period (ttot) as 
the form of a time-independent Hamiltonian (Hav), 







For a single spin with resonance off-set ∆ω, the Hamiltonian for free evolution can be 
expressed as: 
zIH ω∆=0                                                    (4.2.2) 
and the Hamiltonian during the refocusing pulses, 
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nn IHH 10 ω+=                                                (4.2.3) 
where n = x, y, -x, or -y, representing the phase of the refocusing pulse, which is to be 
optimized. The average Hamiltonian can be further expressed as: 
)](exp[)exp( zavzyavyxavxtotav IRIRIRitiH ++−=−                     (4.2.4) 
in which Ravx, Ravy, and Ravz are the x-, y- and z- components of the average rotation in 
a three-dimensional operator subspace. In order to suppress the systematic errors, the 
ideal average Hamiltonian during the CPMG building block (2-step or 4-step) should 
be AIx (AIy) for an initial magnetization along the x-axis (y-axis), where A denotes 
average interaction amplitude. In other words, Ravy and Ravz should be averaged to 
zero for an initial magnetization along the x-axis (Mx). 
 
In this study, Ravx, Ravy and Ravz were calculated for a series of CPτ , ∆ω, and ω1 values. 
The numerical results indicated the best 4-step cycling schemes are (x x y -y)/(x x -y 
y)/(-x -x y -y)/(-x -x -y y) for the initial magnetization along the x-axis, which is 
consistent with the previous result (Yip & Zuiderweg, 2004). The comparison of the 
conventional CPMG building block (Tollinger et al., 2001) and a new building block 
(x x y –y) is shown in Figure 4.2.1. For the conventional building block, Ravy = 0 and 
Ravz = 0 when ∆ω = 0 Hz (Figure 4.2.1a), however, Ravz deviated significantly from 
zero when |∆ω| > 500 Hz and ω1 = 5.6 kHz (Figure 4.2.1c). In contrast, for the new 
building block, Ravy and Ravz are quite close to zero over wide ranges of ∆ω (-1200 ~ 
+1200 Hz) and ω1 (5.0 ~ 6.2 kHz). However, despite the superiority of 4-step scheme 
over the 2-step one, application of four-step phase cycling would reduce the 
accessible number of the CPν  values. Thus, the possible scheme of two-step phase 
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Figure 4.2.1 Dependence of average rotation on resonance offsets and pulse 
imperfection. 
Dependences of the average rotation (Rav) for the CPMG building blocks [τ-180x-τ-τ-
180x-τ] (a, c) and [τ-180x-τ-τ-180x-τ-τ-180y-τ-τ-180-y-τ] (b, d-f) on CPν , pulse 
imperfection and offsets (∆ω). (a, b) ∆ω=0 Hz and ω1 = π/τ180. (c, d) ∆ω = 1200 Hz 
and ω1 = π/τ180. (e) ∆ω = 1200 Hz and ω1 = 0.9π/ τ180. (f) ∆ω = 1200 Hz and ω1 = 











cycling was also investigated. The result showed that the best 2-step cycling schemes 
are (x x)/(-x -x) for the initial magnetizations along the x-axis. By combining the 4-
step and 2-step phase cycling schemes, we describe a pulse scheme for the accurate 





Figure 4.2.2 Pulse scheme for the measurement of relaxation dispersion. All 
narrow (wide) bars represent 90° (180°) rectangular pulses, applied with phase x, 
unless indicated otherwise. The first shaped 1H pulse is a 1.4 ms sinc 90° pulse, while 
the open rectangles denote 1.6 ms 1H 90° pulses. The 15N pulses before the first 90° 
pulse and those pulses from pulse φ1 to the point just before pulse φ2 are employed 
with a field strength of 5.6 kHz. The delays used are τa = 2.3 ms, τb = 2.68 ms, δ = 1.1 
ms, TCP = 50ms = 2[(n − m)(4τcp) + m(2τcp)], where m = 0 or 1; τcp is the delay 
between the centers of two successive 180° pulses. N = 4(1 + nmax) − [4(n − m) + 2m], 
where nmax is the maximum of n − m and is set to 12. The durations (ms) and 
strengths (G/cm) of sine-shaped gradients are:  g1 = (1, 5), g2 = (1, 15), g3 = (2, 22.5), 
g4 = (0.5, 20), g5 = (1, −10), g6 = (1, 20), g7 = (1, 25), g8 = (1, 15), g9 = (1, 4.05). 
Weak bipolar gradients g0 (1.5 G/cm) are used during the t1 period. The phase 
cycling used is φ1 = x, -x; φ2 = 4(y), 4(-y); φ3 =  x; φ4 = 2(x), 2(-x); φ5 = 2(-x), 2(x); 






It is worth noting that the phase cycling scheme in Figure 4.2.2 has employed some 
phases which are perpendicular to the initial magnetization. These pulses would result 
in a mixed relaxation process (depending on both transverse relaxation and 
longitudinal relaxation) during the period of the RF field, due to out-of-(XY)plane 













ν                                 (4.2.5) 
where R2 and R1 are transverse and longitudinal relaxation rates, respectively; n-m and 
m are repetitive elements defined in Figure 4.2.2; 01Nν  is the RF field strength; effR exp2  is 
the directly measured effective relaxation rate using the pulse scheme in Figure 4.2.2. 
 
In order to further examine various νCP dependent effects (as discussed in Section 4.1) 
on this pulse scheme, numerical simulations were performed, assuming a three-spin 
system which consists of the 1H and 15N spins in an amide and an effective 1H spin. 
This 1H was assumed to be 1.86 Å away from the amide 1H, representing all the 
protons proximate to the amide. effR2 values obtained with the scheme shown in Figure 
4.2.2 and the conventional CPMG (Tollinger et al., 2001) were calculated by solving 
numerically the quantum mechanical master equation (section 2.3) for each pulse and 








d )()( 0σσσσσ                     (4.2.6) 
in which the density operator and Hamiltonian operator are expressed by 8×8 
matrices in a complete set of eigenstates of the stationary Hamiltonian (H0) for a 
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three-spin system. H includes H0 (offset in a rotating frame), scalar coupling 
interaction, and RF fields. R is the Redfield relaxation matrix, which was evaluated 
by considering 15N-1H and 1H-1H dipolar interactions, chemical shift anisotropy 
(CSA), cross-correlated relaxation interaction between 15N CSA and 15N-1H dipole. In 
the calculation of the relaxation matrix elements, a model-free spectral density 
function was used by assuming an isotropic overall tumbling time of 7 ns, an order 
parameter (S2) of 0.85, and an effective correlation time of 0.1 ns.  
 
In the absence of chemical exchange, the ideal relaxation dispersion curve should be 
flat (with identical effR2  at all CPν  values). However, the numerical simulation results 
showed that the conventional scheme was quite sensitive to the resonance offset, as 
shown in Figure 4.2.3a and Figure 4.2.4a. Even when a nearly maximal RF power 
( 01Nν  of 5.6 kHz) was applied, effR2  values could still fluctuate up to ~3 s-1 at ∆ωN of 
~1000 Hz. In contrast, (as shown in Figure 4.2.3b and Figure 4.2.4b), the effR2  values 
obtained from the new scheme was nearly independent of CPν , (fluctuation < 0.5 s-1). 
When the CPMG RF field deviated from that of a perfect 180° pulse due to RF 
inhomogeneity and/or pulse miscalibration, effR2  values measured with the 
conventional CPMG scheme fluctuated with CPν  more significantly (Figure 4.2.3c 
and Figure 4.2.5a). Furthermore, this dependence was asymmetric about a perfect 
180° pulse field. On the other hand, the results obtained with the new scheme were 





Figure 4.2.3 Dependence of 15N effR2  on νCP for different ∆ωN and pulse 
imperfection for two different pulse schemes. The simulated results are shown in 
panels a and c for the conventional scheme and panels b and d for the scheme shown 
in Figure 4.2.2. Symbols “o”, “•”, and “*” in panels a and b denote ∆ωN of +811, 0, 
and −811 Hz, respectively. Symbols “o”, “•”, and “*” in panels c and d denote pulse 
width deviations from a perfect 180° pulse by +5%, 0, and -5%, respectively, when 
∆ωN = 811 Hz. The effR2  values were derived from the relative signal intensity 
calculated at a TCP value of 50 ms, assuming RF strength of 5556 Hz, a 1H frequency 


















Figure 4.2.4   Contour plot showing the dependence of effR2  values on resonance 
offsets. The dependence of effR2  values obtained with the conventional CPMG 
scheme (a) and the new scheme (Figure 4.2.2) (b) on the 15N off-resonance frequency 
(∆ωN) and CPMG frequency (νCP) is shown in contour plot. The effR2  values were 
derived from the relative intensity of the signal calculated at a constant TCP delay of 
50 ms with respect to that in the absence of the two TCP/2 periods. In the numerical 
calculation, the 1H frequency was set to 800 MHz, and the RF field strength was set 







Figure 4.2.5 Contour plot showing the dependence of effR2  values on pulse 
imperfection. The dependence of effR2  values obtained with the conventional CPMG 
scheme (a) and the new scheme (Figure 4.2.2) (b) on RF field strength ( N1ν / 01Nν ) and 
CPMG frequency (νCP) is shown in contour plot. N1ν  is the RF field experienced by a 
spin, while 01Nν  is the field strength for a perfect 180° pulse (5556 Hz). 1H frequency 






The above calculations, which included the effects of cross-correlated relaxation, 
showed that nearly flat dispersion curves could be obtained using the new CPMG 
scheme, indicating that the CSA-dipole cross-correlated relaxation has only minor 
effects in the current studies, however, it would still be desirable to theoretically 
evaluate how much contribution it would have to the fluctuation of effR2  measured 
with the conventional CPMG scheme. Thus, the effR2  values were computed again by 
neglecting the cross-correlated relaxation mechanism, and were compared to the 
previous results including the cross-correlated relaxation. As shown in Figure 4.2.6a-
c, minor differences were observed in the absence and presence of cross-correlated 
relaxation. In order to evaluate the effects of remote protons, we further neglected the 
1H-1H dipolar relaxation. In this case, the effR2 still fluctuated with the similar 
amplitude (Figure 4.2.6d). Thus, cross-correlated relaxation and 1H-1H cross 
relaxation, as potential sources complicating the experimental data, has quantitatively 
small contributions to effective relaxation rates; the variation of effR2  with CPν mainly 











Figure 4.2.6 Effects of the CSA-dipole cross-correlated relaxation and 1H-1H 
cross-relaxation on the dependences of R2eff values on νCP. Panels a, b and c 
represent the results obtained with the conventional CPMG scheme by considering 
(symbol “o”) or neglecting (“*”) the cross-correlated relaxation between 15N CSA 
and 15N-1H dipole interactions. Panel d shows the results obtained with the 
conventional CPMG scheme by neglecting the cross-correlated relaxation and 1H-1H 
dipolar relaxation (both auto- and cross-relaxation from the 1H-1H dipolar interaction). 
The off-resonance frequencies used are shown in each panel. The effR2  values were 
derived from the relative intensity of the signal calculated at a constant TCP delay of 
50 ms with respect to that in the absence of the two TCP/2 periods, when the 1H 














4.2.2.2 NMR experimental evaluation 
In order to further evaluate how the new pulse scheme works in practice, we tested its 
performance on the 15N-labeled LFABP sample on an 800 MHz spectrometer. 
 
4.2.2.2.1 Methods and materials 
Sample preparation: The preparation of the 15N-labeled LFABP sample was 
consistent with the previous protocol (section 3.1.3). The NMR sample condition was 
~1 mM LFABP, 50 mM NaCl, pH 5.5, 90% H2O, and 10% D2O.  
 
NMR methods: Relaxation dispersion spectra were recorded on a Bruker 800 MHz 
spectrometer at 35 °C using the pulse scheme shown in Figure 4.2.2. A constant time 
delay (TCP = 50 ms) was used with a series of CPMG field strengths (40, 80, 120, 160, 
200, 240, 280, 320, 400, 480, 560, 640, 800, 960 Hz). The experiment (with νCP = 80 
Hz) was repeated once. The 15N and 1H carrier frequency were set to 118 ppm and 4.7 
ppm, respectively. The effR2  values obtained from these measurements were corrected 
using the T1 and T2 values (Equation 4.2.5). The 15N relaxation times T1 and T1ρ, and 
1H-15N NOEs of this sample (15N-labeled LFABP) were measured previously on a 
500 MHz Bruker machine using inverse-detected two-dimensional NMR methods 
(Farrow et al., 1995; Ran et al., 2003) at 35 °C. The relaxation delays of 5, 60, 150, 
250, 360, and 505 ms were used for determination of T1 values. T1ρ values were 
determined by collecting seven points with delays of 5, 20, 40, 60, 80, 100, and 125 
ms using a spin-lock field strength of 1600 Hz. Two spectra with and without proton 
saturation were recorded for the measurement of heteronuclear NOEs. Proton 
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saturation time was 2.5 s, whereas the recycle delay was also 2.5 s. T2 values were 
calculated using )sin/(cos 211
2
112 θθ ρρ TTTTT −=  with 1/tan ωωθ ∆= . ∆ω and ω1 
are the resonance offset and spin-lock field strength, respectively. The T1 and T2 
values at 800 MHz field were calculated from the T1, T2 and NOE values of 500 MHz 
field using the model free formalism (Equation 2.3.9-11 and Equation 2.3.14).  
 
As the control, the relaxation dispersion spectra were also recorded using the 
conventional scheme (Tollinger et al., 2001). A constant delay (TCP = 50 ms) was 
used with a series of CPMG field strengths (40, 80, 120, 160, 200, 240, 280, 320, 360, 
440, 560, 680, 800, 1000 Hz). The experiment (at νCP = 200 Hz) was repeated once. 
In this conventional scheme, correction of effR2  values is not needed. All the NMR 
spectra were processed using the NMRPipe software (Delaglio et al., 1995), and 
relaxation data were analyzed using in-house written programs.  
 
4.2.2.2.2 Results and discussion 
The dispersion profiles of representative residues without Rex are shown in Figure 
4.2.7. Ideally, the dispersion profiles for residues, which do not undergo 
conformational exchange, should be flat, which was indeed the case for the effR2  
measured with the new pulse scheme (Figure 4.2.2). These dispersion curves had 
almost no fluctuation at all values of resonance offsets. On the other hand, although, 
for residues with small resonance offsets, the effR2  values measured with the 
conventional pulse scheme also showed flat curves, significant deviations were 
observed for residues with large offsets  (> 5 ppm, corresponding to 405 Hz).  The  
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Figure 4.2.7 Representative residues without Rex. Relaxation dispersion profiles for 
representative residues without Rex were obtained with the new scheme (“o”) and the 
conventional scheme (“*”), showing the trend of the fluctuation amplitude on the 
resonance offset. The experiment was performed at 800 MHz field (with 10 ppm at 










amplitude of fluctuation could be more than 2 s-1 (offset > 10 ppm), which makes the 
identification of exchanging residues (with small Rex) almost impossible. As shown in 
Figure 4.2.8a, residue A56 could be clearly identified as an exchanging residue using 
the data from the new CPMG scheme; by contrast, the existence of exchange for A56 
could hardly be told using the data with the conventional scheme. If the residue was 
on-resonance or had a small offset (Figure 4.2.8b), the dispersion profiles obtained 
from the new and conventional pulse scheme agreed with each other very well. 
 
In summary, systematic errors in effR2 can be suppressed significantly with the new 
pulse scheme shown here, further allowing identification of residues undergoing slow 
motions and extraction of kinetics parameters. The LFABP sample we tested here 
showed significant flexibility in millisecond timescales. Further examination and 













Figure 4.2.8 Relaxation dispersion profiles for representative residues. 
Relaxation dispersion profiles were obtained using the new scheme (“o”) and the 
conventional scheme (“*”). Solid lines are the fitting curves of the experimental data 
measured with the new scheme to the general equation for a two-state exchange 













4.3 Probing slow dynamics of LFABP: A test of the assumptive model 
 
Conformational dynamics of FABPs might offer transient pathways for ligand to 
exchange between the β-cavity and the bulk solution. For rat LFABP, it was proposed 
that ligand binding might occur through conformational fluctuations which adjust the 
α-helix cap to the open or closed state (He et al., 2007). The proposed “open” 
conformation is not found in the dominant state of apo-human LFABP (chapter 3), 
however, the initial identification that human LFABP is quite flexible on millisecond 
timescales (section 4.2.2.2) implied the potential existence of conformational 
exchange between the “open” and “closed” states. This assumption is, however, 
pending for more rigorous experimental test. In this section, the detailed analysis of 
the millisecond timescale dynamics of LFABP will be presented. In addition, the 
validity of the hypothesis about the potential correlation between the millisecond 
timescale dynamics and the ligand entry process is examined by analyzing the 
kinetics rates of LFABP-ligand interaction. 
 
4.3.1 Methods and Materials 
Sample preparation: The preparation of 15N-labeled apo-LFABP sample was 
described in Section 4.2.2.2.1. For preparation of partially saturated LFABP sample 
by 1,8-ANS, the concentrated ANS solution (pH 5.5) was added into the LFABP 
protein solution to obtain three samples with respective final molar ratios 
(ANS:LFABP) of ~ 0.25:1, 0.5:1, and 2.5:1. The pH values of the LFABP-ANS 
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complex solutions were measured using a pH meter, which maintained at 5.5. These 
NMR samples were used for NMR relaxation experiments. 
 
NMR titration: 15N-labeled LFABP (~0.46 mM protein, 50 mM NaCl, pH 5.5, 90% 
H2O, and 10% D2O) was used for titration experiment at 20 °C. Concentrated ANS 
solution (pH 5.5) was titrated into the protein solution at the final concentrations of 
0.11, 0.23, 0.46, 0.92, 1.8, and 3.57 mM, respectively. The HSQC spectrum at each 
ANS concentration was recorded on a 500 MHz spectrometer. Combined chemical 
shift perturbations (CCSP) (Piserchio et al., 2002; Tochio et al., 2000) were 
calculated as follows: 
22 )()()( NNHNppm CCSP αδδ ×∆+∆=∆                               (4.3.1) 
where ∆δHN and ∆δN are the respective differences of 1H and 15N chemical shifts in 
the absence of ANS and in the presence of 0.46 mM ANS; Nα  is a scaling factor with 
a value of 0.17. 
 
NMR relaxation experiments: the setup of the 15N relaxation experiments (T1, T1ρ, 1H-
15N NOEs) and the transverse relaxation dispersion experiment (with the pulse 
scheme shown in Figure 4.2.2), as well as the processing of the relaxation data, were 
consistent with the methods described in Section 4.2.2.2.1. The 15N relaxation 
experiments were conducted at a 500 MHz field; the relaxation dispersion spectra of 
the apo-LFABP sample and the partially saturated LFABP samples (of the 
concentration ratios 0.25:1 & 0.5:1) were recorded at both 500 MHz and 800 MHz 
fields; the relaxation dispersion spectra of the LFABP-ANS complex sample (of the 
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concentration ratio 2.5:1) were recorded at an 800 MHz field. All the experiments 
were performed at 20 °C. For the curve fitting of relaxation dispersion profiles of the 
apo-protein, the experimental data were fitted individually for each residue. For the 
curve fitting of relaxation dispersion profiles of the partially saturated LFABP 
samples (of the concentration ratios 0.25:1 & 0.5:1), the experimental data of selected 
representative residues were fitted globally, assuming the same exchange rate and 
populations. In addition, the ∆ωN values (between the apo-state and singly bound 
state) for individual residues were determined from the NMR titration result and were 
fixed in the curve fitting. The standard errors of the extracted parameters were 
estimated using the jackknife method. 
 
4.3.2 Results and Discussion 
4.3.2.1 An assumptive model 
To describe the hypothetical relationship between the intrinsic conformational 
exchange of LFABP and the entry and exit of ligands, an assumptive model is 
presented as follows, which is an extension of the previously proposed model for 
wild-type IFABP (Cistola et al., 1996). 
                     (I) 
                  (II) 
          (III) 
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                (IV) 
               (V) 
In this model, the intrinsic conformational exchange is assumed to represent a 
dynamical equilibrium between “open” and “closed” states of the portal region(s), 
while the ligand molecules can only bind the protein through the “open” state which 
is “invisible” due to the low population. As a sequential multi-step reaction, the 
overall exchange rates should be limited by the kinetic rates of individual steps. For 
binding of the first ligand at the high affinity site, the overall exchange can be 
represented as:  
                           (VI) 
which should satisfy: 
kon’ ≤  k1                                                                                           (i)   
where kon’ is the apparent on-rate, which depends the concentration of the free ligand 
([L]) in solution. This inequality condition (i) will be rigorously tested in the 
following sections.  
 
4.3.2.2 Intrinsic millisecond timescale dynamics of apo-LFABP 
The relaxation dispersion spectra recorded at an 800MHz field showed that a large 
number of residues underwent conformational exchange at 20 °C. The Rex of each 
residue was estimated as  
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ex =−=≈ νν                          (4.3.2)  
Using a cutoff of 15.1 −≥ sRex , thirty-six residues were identified as exchanging 
residues, which are highlighted on the three-dimensional structure of LFABP, as 
shown in Figure 4.3.1. Kind of disappointedly, these exchanging residues, instead of 
locating around certain portal regions, are quite spread on the protein structure. This 
distribution of exchanging residues indicates that the conformational exchange of 
LFABP might not represent the “closed” to “open” exchange of the portal region(s).  
 
For quantitative analysis of the conformational exchange, the relaxation dispersion 
profiles were subsequently used for extracting exchange parameters (k1 and k-1). For 
reliable extraction of kinetics parameters through curve fitting, the Rex values of a 
given residue at both fields (500 MHz and 800 MHz) should be sufficiently large. 
Thus, in the current studies, only the residues which displayed Rex>1.5s-1 at both 
fields were fitted into the theoretical model, which were E42, F52, T53, I54, T55, E64, 
F65, M76 and V94, as shown in Figure 4.3.2. It is worth noting that the extracted k1 
values range from 4.2 s-1 to 12 s-1 (Figure 4.3.2), which are considerably smaller than 
expected. According to the inequality condition (i), kon’ should be limited to ≤ ~10 s-1, 
provided that the conformational exchange observed on this timescale regulates the 








Figure 4.3.1. LFABP residues undergoing conformational exchange (green). 
Based on the backbone assignment of LFABP, these residues are identified as Y9, 
Q10, L11, N16, I24, I31, G39, V40, E42, I43, F52, T53, I54, T55, A56, G57, V60, 
N63, E64, F65, V67, E74, M76, T77, V81, V94, T95, T96, K98, V103, T104, E105, 












Figure 4.3.2. Relaxation dispersion profiles of the residues with intrinsic 
conformational exchange. The residues which displayed 15.1 −≥ sRex  at both 500 
MHz and 800 MHz fields were fitted with the two-state exchange model, and the 
kinetics parameters (k1 & k-1) and chemical shift difference (∆ω) were extracted. ∆ω 
values are given in angular frequencies at 500 MHz field. The experimental data 
collected at 500 MHz and 800 MHz fields are represented as ‘o’ and ‘*’, respectively. 








4.3.2.3 ANS binding studied by NMR titration 
1,8-ANS is a widely known fluorescent analog of fatty acids, which interacts with 
FABPs (Chuang et al., 2008; Kirk et al., 1996; Velkov et al., 2005; Ory & Banaszak, 
1999). Upon titration of ANS, a large number of protein residues were perturbed due 
to both binding and allosteric effects. Chemical shift walking in the titration indicates 
that the overall exchange rates are fast/intermediate on the chemical shift time regime, 
and that most perturbed peaks moved sequentially at two different directions (Figure 
4.3.3) clearly shows that LFABP can bind two molecules of ANS, which agrees with 
the previous result in the literature (Chuang et al., 2008). It is worth noting that in the 
presence of excessive ANS molecules, ANS might form additional weak association 
on the surface of the LFABP, which is evidenced by the minor change of chemical 
shift walking directions at high concentrations of ANS (e.g. G34, I31 & K59 in 
Figure 4.3.3). This weak association could be hardly told from the titration profiles at 
low ANS concentrations ([ANS]≤1.8 mM, [ANS]:[LFABP]≤4:1), showing that the 
affinity of this non-specific association is much lower than the specific binding inside 
the β-cavity. Further titration of ANS ([ANS]:[LFABP] > 8:1) had negligible changes 
on protein chemical shifts, but the resonance intensity was significantly weakened, 









Figure 4.3.3. Representative residues in NMR titration experiments. The protein 
concentration was estimated to be ~ 0.46 mM; the concentrations of ANS were: 0 
(black), 0.11 (green), 0.23 (purple), 0.46 (red), 0.92 (orange), 1.8 (cyan), 3.57 (blue) 
mM. The direction of chemical shift walking due to ligand binding at the high (low) 
affinity site is indicated by the black (blue) arrow, (K59 did not show resonance shift 
upon binding at the high affinity site); the minor change of the direction due to 








4.3.2.4 Kinetic rates of ANS binding at the high affinity site 
At low ANS concentrations ([ANS]:[LFABP] = ¼ or ½), ANS primarily binds at the 
high affinity site, as shown in formula (VI). Due to the dominant populations of apo-
LFABP and holo-LFABP(S), the exchange between apo-LFABP and holo-LFABP(S) 
would dominate the contribution to the Rex, although the exchange with other minor 
states of LFABP might also exist. 
 
In order to quantitatively compare kon’ and k1, the relaxation dispersion spectra of 
partially saturated proteins were recorded. When LFABP was ~¼ or ½ saturated by 
ANS, the signal intensities for the residues showing chemical shift perturbation were 
significantly weakened, accompanied by the broadening of line-widths, indicating 
that the binding rate of ANS for the high affinity binding site is close to the 
intermediate rate on the chemical shift time regime. To quantitate the exchange rates, 
selected residues, which displayed large Rex values and good signal-to-noise ratios, 
were fitted with the theoretical model. As shown in Figure 4.3.4, global fitting of the 
dispersion profiles of 4 selected representative residues successfully extracted the 
apparent on-rates ( 'onk ) and off-rate ( offk ), which agreed with the expected population 
ratios ( '// onoffboundfree kkpp = ) and confirmed that the exchange rate is comparable 
with the chemical shift differences (∆ω). In addition, the off-rates extracted at two 
different ANS concentrations agreed with each other within experimental errors, 
which is expected as koff is independent of [L]. The fact that the on-rates ( 'onk , 85 and 
216 s-1) are much (one order) larger than k1 (~10 s-1) violates the basic condition (i) 
for  the  initial  assumptive  model.  Based  on  that,  we  conclude  that  the  intrinsic   
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Figure 4.3.4. Kinetics of LFABP-ANS interaction. The LFABP-ANS samples were 
prepared by adding ANS into the solution of LFABP with final molar ratios 
(ANS:LFABP) of ~1:4 (A) and ~1:2 (B), respectively. The experimental data of 
representative residues recorded at 500 MHz (‘o’) and 800 MHz (‘*’) fields were 
fitted with the two-state exchange model (solid lines) globally as described in the 






millisecond timescale dynamics of LFABP should not represent a conformational 
switch allowing ligand entry. The protein conformational rearrangement, which 
creates ligand exchange pathways, should occur on a much faster timescale. 
 
4.3.2.5 Kinetic rates of ANS binding at the low affinity site 
Binding/unbinding of the second ANS molecule seems even faster than that of the 
first ANS, since no obvious reduction of signal intensities was observed when the low 
affinity binding site was partially saturated. In order to estimate the kex of the second 
binding site, the dispersion profile of LFABP, in which the second binding site was ~ 
½ saturated (when [ANS]:[LFABP] ≈ 2.5:1), was recorded. However, due to the fast 
exchange rate, a CPMG frequency of 960 Hz is not sufficient to suppress all the 
exchange contribution to transverse relaxation. In the fast exchange limit, the residual 
Rex at a given CPMG frequency can be written as (Luz & Meiboom, 1963): 
                          )()()( 22 ∞=−= CPeffCPeffCPex RRR ννν  
[ ])/4/tanh()/4(1)/( 2 CPexexCPexBA kkkpp ννω −∆=       (4.3.3) 
in which )(2 ∞=CPeffR ν  is not directly measurable but can be estimated as the effR2  of  







CPex RproteinapoHzRRR νννν ∆=−=−≈      (4.3.4) 
 
Relaxation dispersion profiles of four representative residues are shown in Figure 
4.3.5. It should be noted that in the presence of excessive ANS molecules, multiple 
exchange processes would contribute to the Rex value. The effects of millisecond 
exchange processes (e.g. protein conformational exchange and ligand 
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Figure 4.3.5. The relaxation dispersion profiles of representative residues. The 
‘*’ represents the effective relaxation rates measured using the LFABP sample, in 
which the low affinity site was ~1/2 saturated. The ‘o’ represents the effective 
relaxation rates measured using the apo-LFABP sample. All the experiments were 
conducted using an 800 MHz Bruker machine at 20°C. The relaxation rates ‘*’ were 
fitted with the theoretical curve for demonstration purpose here, which should 
represent the millisecond exchange that can be effectively suppressed at νCP of 960 
Hz. It should not be confused with the fast exchange of ligand 








association/dissociation at the high affinity site) can be effectively suppressed at the 
CPMG field strength of 960 Hz. However, fast exchange (e.g. non-specific 
association between ANS and LFABP and weak self-aggregation of LFABP) may 
also contribute to Rex, the effects of which may not be completely suppressed at νCP 
of 960 Hz. In addition, the protein aggregation would increase the intrinsic transverse 
relaxation rates. Therefore, the estimation (Equation 4.3.4) actually gives an upper 
limit of the Rex(νCP=960 Hz) which is contributed by the fast exchange of ligand 
association at the low affinity site. 
)960()960( 2 HzRHzR CP
eff
CPex =∆≤= νν                           (4.3.5) 
Based on the upper limit of residual Rex at νCP of 960 Hz, the lower limit of kex can be 
calculated using Equation 4.3.3. The residue K33, which shows the relatively high 
effR2
2 / ∆∆ω  value, was used for calculation here. The ∆ωN of K33 was 1.04 ppm, 
corresponding to 529 rad/s at an 800 MHz field. )960(2 HzR CP
eff =∆ ν of K33 was 2.5 
s-1, as shown in Fig. 4.3.5B. The populations (pA, pB) were estimated from the 
population-weighted average chemical shift of K33, which was 56% and 44% 
respectively. Therefore, 
14103.2 −×≥ skex  
and 
14)(' 100.1 −×≥×= spkk BexLowon  
 
Despite the complicated contributions to the transverse relaxation rates of LFABP 
when the low affinity site was partially saturated, a rough estimation of the lower 
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limit of the apparent on-rate for the low affinity site shows that it is one to two orders 
larger than that of the high affinity site. The very fast exchange rate for the low 
affinity binding site could also be qualitatively verified from the chemical shift 
walking over long distances (up to ~0.3 ppm at the hydrogen dimension, 
corresponding to 942 rad/s at a 500 MHz field) without obvious weakening of the 
signal intensities in the middle way of the walking. This result also confirms that the 
formation of ligand entry/exit pathways should take place on very fast timescales, 
approaching the microsecond or sub-microsecond timescales.  
 
4.3.2.6 Chemical shift perturbation pattern -- an implication for the nature of 
the minor state 
From the titration result, it was noticed that the chemical shifts of a large number of 
residues were perturbed upon ligand binding. When both binding sites were saturated, 
almost all the residues displayed obvious resonance shift; however, when only the 
high affinity binding site was saturated, the resonance shift was observed for only part 
of the protein residues. The combined chemical shift perturbation (CCSP) was 
calculated for the high affinity binding site, as shown in Figure 4.3.6, so as to 
highlight regions with obvious changes. Surprisingly, plotted on the structure of 
LFABP, these residues are found to roughly overlap with those showing intrinsic 
conformational exchange in the absence of ligands. As shown in Figure 4.3.7, there is 
a large common region (yellow) which shows both Rex in the apo-protein and 
significant CCSP in the current titration experiment. This result implicates that the 
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minor state of apo-LFABP might represent the bound conformation of LFABP, in 












Figure 4.3.7. Comparison of protein regions showing resonance shift and those 
showing conformational exchange in the absence of ligands. Residues displaying 
significant resonance shift (CCSP ≥ 0.05 ppm) are shown in yellow and orange. 
Residues displaying significant Rex (≥1.5 s-1) are shown in yellow and green. The 




Distinct regions (colored in orange and green), which only showed CCSP (> 0.05 
ppm) or Rex (> 1.5 s-1) in the apo-form are also highlighted on the structure. Such a 
difference is not unexpected, since the CCSP is contributed by 1H and 15N chemical 
shift changes caused by both conformational changes and direct protein-ligand 
contact. On the other hand, the Rex detected for the apo-form relies on the nitrogen 
chemical shift difference (∆ωN) between the minor and major apo-protein 
conformations. It is noteworthy that similar (but not completely identical) 
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conformations could produce different backbone chemical shift patterns in practice. 
The minor state of apo-LFABP may resemble the bound conformation with a single 
ANS, but they are not necessarily identical. 
 
4.3.3 Conclusion 
In this work, detailed characterization of the slow motions of human LFABP was 
conducted, and the potential correlation between slow dynamics and the ligand 
entry/exit processes was modeled and then tested by experiments. Somewhat 
disappointedly, our experimental results, instead of justifying the assumed model, 
demonstrated that the millisecond dynamics of LFABP should not be coupled to the 
ligand entry process, due to the contradiction of timescales. Future investigation of 
the functional dynamics relevant to ligand entry, which may be due to the intrinsic 
dynamical property of LFABP or be induced by the ligand molecules, should be 
focused on the microsecond or sub-microsecond timescales. 
  
Regarding the nature of the conformational exchange of LFABP on the millisecond 
timescales, our current experimental results are not yet sufficient for drawing any 
conclusion. However, qualitative comparison of the patterns of the intrinsic 
conformational exchange and the chemical shift perturbation implies that the 
“invisible state” might represent the singly bound state of LFABP. In other words, 
this protein may have the intrinsic trend to access one bound-state conformation even 
in the absence of the ligands. This assumption, however, should be subjected to more 












BUFFER INTERFERENCE WITH PROTEIN DYNAMICS:  













Chapter 5: Buffer interference with protein dynamics: A case study on LFABP 
 
Buffer molecules are commonly present in protein solutions at high concentrations 
(from tens of mM to hundreds of mM), so as to maintain the stability of the solution 
pH values. However, the potential perturbation of protein properties by the buffer 
molecules is largely ignored by protein scientists in practice. Knowledge of the 
potential effects on various protein biophysical/biochemical properties would be 
important to guide in vitro manipulation of protein molecules. During our 
investigation of the dynamical properties of LFABP, it was discovered, initially as a 
fortuity, that the protein slow dynamics was perturbed in different buffers. As the 
detailed studies on buffer interference with protein dynamics are rarely available in 
the literature, we used LFABP, as a case study here, to evaluate the amplitude of 
buffer perturbation on protein dynamics, especially on the millisecond timescales. 
 
5.1 Introduction 
The development of NMR hardware and methodology during the past several decades 
has made the determination of protein structure at atomic resolution and the 
characterization of protein dynamics on various timescales routine work in many 
NMR laboratories. In addition, structural genomics has further facilitated high-
throughput determination of protein structures. Despite the significant improvement 
in NMR techniques, a fundamental problem, often a bottleneck, in many structural 
biology projects is the difficulty of preparing protein samples that are suitable for 
NMR experiments. Selection of suitable buffer types has long been thought to play an 
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important role in maintaining protein solubility and stability (Bagby et al., 2001; 
Kremer & Kalbitzer, 2001). However, the buffer effects on the protein molecules are 
not thoroughly understood yet.   
 
Some structural biology studies have demonstrated that protein samples prepared in 
certain buffers might form complexes with buffer agents (Zhang et al., 1997; 
Fitzgerald et al., 1998; Shirai et al., 2002; Oakley et al., 1998; Whittington et al., 
2002; Ganichkin et al., 2008). However, as it is generally believed that such 
interactions have no significant influence on protein structures, the effects that some 
buffers have on protein samples have been largely ignored in practice. Yet, because 
of growing evidence showing that protein dynamics, in addition to three-dimensional 
structures, are highly relevant to biological functions (Henzler-Wildman & Kern, 
2007; Eisenmesser et al., 2005; Lange et al., 2008), the effects of buffers on protein 
dynamics would deserve the attention of protein scientists. The influence on protein 
dynamics by the buffer-protein interaction has been discussed in the literature (e.g., 
the studies by Zhang et al., 1997; Ganichkin et al., 2008; and Pascal et al., 1995). For 
example, crystallographic studies on selenocysteine synthase suggested that the 
binding of phosphate to the protein would trigger a disorder-order transition of a loop 
region (Ganichkin et al., 2008). Pascal et al. (1995) also noticed the effect of 
phosphate buffer on the Src homology 2 domain due to the direct binding of 
phosphate ions to the protein. However, to our knowledge, scientists are not yet aware 
of the magnitude of changes in protein dynamics caused by protein-buffer agent 
interactions, especially on the microsecond to millisecond timescale. 
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In this study, we investigated the potential interaction between buffer agents and liver 
fatty acid binding protein. MES buffer (2-(N-morpholino)ethanesulfonic acid) is one 
of Good's buffers; it is widely used in various biological studies and believed to have 
no or low interference with protein analysis (Good et al., 1966; Yu et al., 1997). 
Nevertheless, the influences of MES, as well as other buffer agents, on protein 
dynamics on the picosecond to nanosecond timescale and on the microsecond to 
millisecond timescale are rarely investigated. Because MES buffer can maintain a 
stable pH environment at 5.5, which deviates from the theoretical isoelectric point of 
LFABP (~6.60, as estimated with ProtParam, ExPASy), this buffer seems to be a 
good choice to use with LFABP. In this work, we identified the direct, albeit weak, 
interaction between MES and LFABP in aqueous solution and demonstrated the 
interference of MES with LFABP dynamics on the millisecond timescales. To test 
whether the observed buffer effect was an incidental case, we also measured the 
change of the protein's slow motions in Bis-Tris buffer, which possesses very 
dissimilar properties and a different chemical structure than MES and than fatty acids. 
The result shows that the buffer's interference with protein dynamics could be a 
relatively generic phenomenon that should not be ignored. 
 
5.2 Methods and materials 
Sample preparation: The expression and purification of the His-tagged LFABP 
sample was consistent with the protocol (section 3.1.3). By thorough buffer exchange, 
15N-labeled LFABP samples were prepared in three solutions: solution I (50 mM 
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NaCl, 1 mM EDTA, pH 5.5), solution II (50 mM MES, 50 mM NaCl, 1 mM EDTA, 
pH 5.5), and solution III (50 mM Bis-Tris, 50 mM NaCl, 1 mM EDTA, pH 5.8), 
respectively.  
 
MES titration of LFABP: 15N-labeled LFABP with a concentration of ~0.4 mM was 
prepared in solution I for the titration experiment at 35 °C. Concentrated MES 
solution (100 and 500 mM MES with the presence of 50 mM NaCl, pH 5.5) was 
titrated into the protein solution. HSQC spectra at respective MES concentrations of 9, 
19, 31, and 51 mM were recorded on an 800 MHz spectrometer (Avance; Bruker 
Biospin) equipped with a cryoprobe at 35 °C. Combined chemical shift perturbations 
(CCSP) were calculated using Equation 4.3.1.  
 
NMR relaxation experiments: The measurement of 15N relaxation times T1, T1ρ, 1H-
15N NOEs of LFABP in solution I at 500 MHz field at 35 °C was described in Section 
4.2.2.2.1; the experiments for measuring relaxation parameters of LFABP in solution 
II were set up consistently with those of the sample in solution I. Model-free analysis 
for the sample in both solution I and II was performed to extract dynamical 
parameters for individual residues (Equation 2.3.9-11 and Equation 2.3.14). 
Relaxation dispersion spectra were recorded at 500 MHz and 800 MHz for LFABP in 
solution I and II at 35 °C. A constant delay of 50 ms was used with a series of CPMG 
field strengths (40, 80, 120, 160, 200, 240, 280, 320, 400, 480, 560, 640, 800, and 960 
Hz). Dispersion curves were subsequently fitted with a two-state exchange model to 
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extract kinetics parameters. Relaxation dispersion spectra for LFABP in solution III 
were also recorded at the field strength of 800 MHz. 
 
5.3 Results and discussion 
 
5.3.1 MES binding inducing chemical shift perturbation 
Chemical shifts are highly sensitive to changes of local magnetic environment, and 
thus can be used as powerful probes to pinpoint residues involved in protein-ligand 
contacts. A number of residues in LFABP displayed gradual chemical shift changes 
(Figure 5.3.1) as MES concentrations increased from 0 to ~50 mM (the normal 
buffering concentration used in biochemical studies). The result shows that MES-
LFABP interactions are somewhat weak because the binding was not saturated even 
when the ligand (MES) concentration was >100× larger than the protein. The 
chemical exchange between MES-free and MES-bound LFABP forms is a fast 
process in the chemical shift time regime because only one single resonance signal 
was observed for each amide in each titration HSQC spectrum. On the basis of CCSP 
(with a cutoff of 0.05 ppm) shown in Figure 5.3.2, the residues involved in the 
interactions were identified as both polar (Q10, T53, T55, E74, T75, T95, N99, N113, 
K123, and R124) and nonpolar (G39, I54, I61, V94, V103, and M115) residues 
(Figures 5.3.2 & 5.3.3). On the basis of chemical shift perturbation alone, we could 
not determine the exact binding sites because allosteric effects can result in chemical 
shift changes of some residues distant from the binding sites. Nevertheless, the results 




Figure 5.3.1. MES titration of LFABP. Overlay of 15N-1H HSQC spectra of ~0.4 
mM protein with 50 mM NaCl, pH 5.5, and a series of MES concentrations: 0 mM 
(black), 9 mM (red), 19 mM (cyan), 31 mM (blue), and 51 mM (pink). The direction 












Figure 5.3.2  Histogram of CCSP of LFABP upon titration with MES. The 1H 















Figure 5.3.3. Residues that were significantly perturbed by MES (as labeled in 
Figure 5.3.1) are shown as green, yellow, or brown. Q10 and E74 are shown as 
yellow and brown, respectively. Q14 and F52 are red and cyan, respectively. Protein 











hydrogen bonds and hydrophobic interactions – a hypothesis that agrees well with the 
previous crystallographic study on the metallo-beta-lactamase/MES complex 
(Fitzgerald et al., 1998). Furthermore, MES, as a zwitterion, could form electrostatic 
interactions with both positively charged residues (e.g. K123 and R124) and 
negatively charged residues (e.g. E74). Although MES interacts directly with LFABP, 
the overall tertiary protein structure should be the same in the presence and absence 
of MES. This observation is supported by the finding that only a small number of 
residues displayed chemical shift changes upon the binding of MES to LFABP, and 
the amplitudes of such changes were small (<0.2 ppm). 
 
5.3.2 Effects of MES binding on protein dynamics on the picosecond to 
nanosecond timescale 
As described in the methods section, the model-free analysis for both MES-bound 
and MES-free proteins was performed to extract dynamical parameters. Calculated 
values of generalized order parameters (S2) are shown in Figure 5.3.4A, and the 
patterns for these two forms are very similar to each other. Although the S2 values of 
a majority of residues increased in the presence of MES, the changes in S2 were very 
small (~0.02 on average). In contrast to S2, the τloc values for all residues increased 
significantly in the presence of MES (Figure 5.3.4B), and the average change was 
0.84 ns. This finding could probably be caused by the enlarged, hydrated size of the 
LFABP/MES complex and/or transient protein aggregation formed in the presence of 




Figure 5.3.4. Fast dynamics parameters of LFABP in the presence and absence 
of MES. (A) Comparison of generalized order parameters for MES-bound (solid 
circles) and MES-free (open circles) LFABP. (B) Comparison of localized rotational 











5.3.3 Effects of MES binding on protein dynamics on the microsecond to 
millisecond timescale 
The relaxation dispersion profiles of LFABP in the presence and absence of MES are 
shown in Figure 5.3.5. Due to the difference of the apparent rotational diffusion 
coefficients of LFABP in the presence and absence of MES, effective transverse 
relaxation rates ( effR2 ) for all residues were significantly greater in the presence of 
MES than in the absence of MES. To visualize the influence of MES on the 
dispersion profiles (or slow dynamics), the apparent diffusion effect was corrected; 
the corrected profiles are also shown in Figure 5.3.5. Slow dynamics of residues 
directly involved in binding (as shown by titration studies) could be influenced by 
MES (e.g. Q10), but this occurrence is not a general rule. For example, residue E74, 
which forms direct contact with MES, did not display any change in slow motions 
within the experimental error (Figure 5.3.5). Quite unexpectedly, some residues that 
did not display any chemical shift perturbations upon MES titration showed 
significant changes in slow dynamics. Two such examples (Q14 and F52) are shown 
in Figure 5.3.5. The fast chemical exchange between the MES-free and MES-bound 
LFABP forms could contribute to the exchange-induced transverse relaxation (Rex), 
but the contribution should be proportional to the 15N chemical shift differences 
between the two forms. Instead, the changes in the relaxation dispersion profiles did 
not correlate with the chemical shift differences. In principle, transient aggregation, 
which could be one of the reasons for the increase of the rotational correlation time, 
might also contribute to Rex. Such an effect, however, should be global and introduce 
Rex to all residues at the aggregation interface, including those residues even without 
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conformational dynamics in solution I. However, almost all the residues without 
show conformational dynamics in solution I were not found to have Rex in solution II. 
Furthermore, some residues (e.g. E74) directly involved in binding did not 
demonstrate any change in Rex either. Therefore, we believe the change in slow 




Figure 5.3.5. Relaxation dispersion curves measured in the absence (open circles) 
and presence (solid circles) of MES at an 800 MHz 1H frequency. Solid lines are 
fitting curves of experimental data to a two-site exchange model. For the purpose of 
comparative illustration, each dispersion curve measured in the presence (solid circles) 
of MES is shifted down by a value of the difference between effR2 (νCP = 960 Hz) 





Kinetics parameters extracted from a two-site exchange model showed that MES 
binding increased the exchange rates (kex) for Q14 and F52 by 105% and 55%, 
respectively, leaving the population of each state and chemical shift difference (∆ω) 
between the two states almost unchanged. Although Q14 and F52 do not interact 
directly with MES based on chemical shift perturbation results, they are spatially 
close by the residues that can directly interact with MES. It is clear that the kinetics 
parameters obtained in the presence and absence of MES can be significantly 
different. Therefore, protein dynamics probed by NMR could be complicated by the 
use of buffer types. 
 
5.3.4 Commonality of buffer interference with protein dynamics 
Binding of MES to LFABP seems to be nonanalogous to the LFABP-fatty acid 
interaction because the residues involved in binding with MES, shown by the 
chemical shift perturbation, could be different from the binding sites of fatty acids. 
Thus, we surmise that the buffer effect on protein dynamics could be a generic 
problem in the studies of protein dynamics and that MES is not the sole example. To 
validate this conjecture, we examined the potential interaction between LFABP and 
Bis-Tris buffer and the change of protein slow dynamics due to this interaction. Bis-
Tris, as a cation buffer with a very different chemical structure from fatty acids, 
should not have any preferable interaction with LFABP analogous to fatty acids. 
 
In fact, chemical shift perturbation was also observed in Bis-Tris buffer, although the 
perturbation in the number of residues and the magnitude of chemical shifts were 
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both smaller than those in MES (Figure 5.3.6). This result demonstrates that there is 
still a weak interaction between the Bis-Tris buffer agent and LFABP. Also, as in the 
experiment with MES buffer, slow dynamics of the residues at or close to the 







Figure 5.3.6. Chemical shift perturbation by Bis-tris. Overlay of 15N-1H HSQC 
spectra of ~0.4 mM LFABP in solution I (red) and solution III (cyan). Residues, 







Figure 5.3.7. Relaxation dispersion curves of LFABP measured in solution I (open 
circles) and solution III (solid circles) at an 800 MHz 1H frequency. Solid lines are 
fitting curves of experimental data to a two-site exchange model. For the purpose of 
comparative illustration, each dispersion curve measured in solution III (solid circles) 
is shifted down by a value of the difference between effR2 (νCP = 960 Hz) values in 












Despite the common use of various buffer types for research in protein sciences, the 
knowledge on how the buffer agents could affect the biochemical/ biophysical 
properties of proteins is still relatively poor. Our current study offers an example of 
the protein interaction with buffer molecules, which influences the protein dynamical 
properties. Since this kind of buffer interference could be a generic problem, also 
occurring in other dynamical systems, our results should warrant the special attention 
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Chapter 6: Molecular Dynamics Simulation of Ligand Dissociation from Liver 
Fatty Acid Binding Protein 
 
6.1 Introduction 
Molecular dynamics simulation, as a theoretical approach to investigate protein 
dynamics, has the significant advantage in that the complete atomic trajectories of the 
protein molecules could be described. As reviewed previously (section 2.2.3), various 
studies based on computer simulation have been conducted to explore the dynamics 
of FABPs, as well as their interaction with fatty acids. However, successful 
simulation of ligand entry or exit processes are rarely observed in ordinary MD 
simulations, mainly due to the long timescales of such processes (Richieri et al., 
1996). In the current study, we aim at extensive unbiased search of tentative 
dissociation pathways of ligands from LFABP. Random expulsion molecular 
dynamics (REMD) simulation (Ludemann et al., 2000; Winn et al., 2002; Carlsson et 
al., 2006), which applies a randomly oriented force to accelerate the dissociation 
process, is particularly suited for the current purpose.  Using this method, we 
thoroughly examined the dissociation pathways of different ligands from LFABP. 
 
6.2 Methods 
6.2.1 Molecular dynamics simulation 
The initial crystal structures of LFABP-oleate complex and IFABP-palmitate 
complex were obtained from the Protein Data Bank (PDB ID: 1LFO and 2IFB 
respectively). The initial structure of LFABP complexes with two ANS molecules 
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was obtained from the molecular docking results (Chuang et al., 2008); only one of 
three representative poses of ANS at the high affinity binding site was used in the 
current study. The AMBER-03 all-atom force field (Duan et al., 2003) was used to 
model the protein molecules. The partial atomic charges of oleate (OLA), palmitate 
(PLM), and 1-anilino-8-naphthalene sulfonate (1,8-ANS) were calculated following 
the AMBER convention (Pigache et al., 2004). Other force field parameters for these 
ligands were assigned in analogy to the existing force field. Neutralization of the 
oleate anion was done by adding +0.5e to the assigned charge of each oxygen atom. 
Explicit water molecules, described using the TIP3P model (Jorgensen et al., 1983), 
were filled in the periodic cubic box for the all atom simulation, and the system was 
neutralized by adding Na+ or Cl- ions. The electrostatic interactions were treated using 
the fast particle-mesh Ewald summation method (Darden et al., 1993). And the 
temperature during simulation was kept constant at 300 K by Berendsen’s coupling 
(Berendsen et al., 1984). All bonds involving hydrogen atoms were constrained using 
the LINCS algorithm (Hess et al., 1997). GROMACS software package (Lindahl et 
al., 2001) was used to perform the simulation with a time step of 2 fs. Prior to REMD 
simulations, the initial structures were relaxed by energy minimization using steepest 
descent algorithm, followed by 100 ps equilibration with a harmonic potential 
restraint applied to all the heavy atoms of the protein-ligand complexes. Another 100 
ps unrestrained simulation was carried out for LFABP-oleate complex and IFABP-
palmitate complex as further equilibration; 1 ns unrestrained simulation was carried 




6.2.2 Parameters for random expulsion simulation 
In this study, a computational protocol, slightly modified from Ludemann and 
coworkers’ method (2000), was used for REMD simulations (Figure 6.2.1). An 
additional acceleration ( a ) with constant amplitude (2 ~ 4 nm/ps2) and a randomly 
chosen direction was applied to every atom of the ligand; 2 nm/ps2 acceleration of 
OLA, PLM and 1,8-ANS corresponds to the force constants (by Ludemann et al. 
2000) of 563, 511 and 597 kJ/mol/nm, respectively.  During the short time interval 
(∆t = 0.25 ps), the direction was kept constant. The displacement ( r ) of the center of 
mass (COM) of a ligand was calculated for this time interval. If the dot product of the 
displacement and the normalized acceleration, ( l = r · a / |a| ), is above a predefined 
threshold ( lmin ), the direction of the acceleration for the next ∆t interval will be 
updated to the direction of the displacement; otherwise, a is updated with a randomly 
chosen direction. Each REMD simulation was run for a maximum of 200 ps; it would 
automatically stop once the ligand dissociated away from the protein by 0.8 nm or the 
simulation time reached the maximum time of 200 ps. For the REMD simulation of 
holo-LFABP bound with two molecules of the ligands (OLA or 1,8-ANS), the 
random acceleration, unless otherwise stated, was firstly applied to the ligand at the 
low affinity site alone, and shifted to the another ligand after the first one had 







Figure 6.2.1 The flow scheme of random expulsion simulation. The repetition is 















6.2.3 Identification of residues constituting the portals 
Residues, which are in close contact with the ligand molecules during the dissociation 
courses, are considered to be key residues constituting individual portals. The 
backbone nitrogen atoms of three residues spanning the individual portal regions 
were used to define a reference plane. When each non-terminal carbon atom of the 
fatty acids (C5 – C14 for OLA; C4 – C13 for PLM) was passing through the portals 
(its distance to the reference plane was within 0.1 nm), the minimum distance 
between this carbon atom and each atom of a residue was calculated. If any atom of a 
given residue is within the distance cut-off of 0.5 nm, this residue was recorded as a 
potential portal residue. Totally 45 and 36 trajectories (last 10 ps) were analyzed for 
LFABP and IFABP, respectively.  
 
6.3 Results and Discussion 
 
6.3.1 Dissociation of OLA128 from holo-LFABP 
As shown in the X-ray structure of the LFABP-oleate complex, the carboxylate group 
of OLA128 (Figure 6.3.1) is protruding outside the β-cavity from the area delimited 
by α-helix II, βC/βD loop, which roughly agrees with the hypothetical “portal region” 
of other FABPs. Thus, egress of OLA128 through this region was supposed to be the 
most likely route. Ten independent REMD runs were carried out to dissociate 
OLA128 using a random acceleration of 2 nm/ps2, and all of these independent results 
showed the successful egress of OLA128. As expected, the egress in all runs took 
place through the “portal region”. A representative conformation of the protein-OLA 
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complex, in which OLA128 was about to leaving the protein, is shown in Figure 6.3.2. 
In the course of the OLA128 dissociation, small changes in the protein backbone 
conformation appeared to happen; the rotation of the sidechains of a few residues 
further enlarged the opening size so as to allow the egress of OLA128. The result 
indicates that large conformational re-organization of the protein should not be the 






Figure 6.3.1  Three-dimensional structure of LFABP-oleate complex. The protein 
structure is shown in ribbon (left) and surface (right) representations; oleic acid is 
displayed in a sphere representation. Hydrogen atoms were added from the crystal 
structure (pdb ID: 1LFO) using GROMACS software; energy was minimized using 






Figure 6.3.2. Dissociation of OLA128. A snapshot taken during the egress of 
OLA128 from the cavity of LFABP (left); alignment of the backbone conformation 
(shown in the right panel; painted blue) with the starting conformation of REMD 
(painted yellow). Oleate molecules are shown in cyan; oxygen atoms of OLAs are 













6.3.2 Dissociation of OLA129 from holo-LFABP 
After OLA128 dissociated from the protein, the second ligand (OLA129) was still 
bound in an inner position of the protein cavity, which was distant from the “portal 
region”. Thus, there were no intuitive suggestions of how it would dissociate from the 
protein. In the initial five trials of dissociating the second ligand (OLA129) using the 
same REMD parameters with those for OLA128, the exit process failed to occur in a 
200 ps time limit, which was mainly due to the tight interaction between OLA129 and 
Arg122. In order to effectively dissociate OLA129, we increased the amplitude of the 
random acceleration to 3 and 4 nm/ps2, respectively. For each value of the random 
acceleration, fifteen independent runs were carried out to unbind OLA129. Egress of 
OLA129 was observed in all the thirty runs, and unexpectedly, three different egress 
routes were found for OLA129 (Table 6.3.1 & Table 6.3.2).  
 
Although the “portal region” delimited by α-helix II and βC/βD loop (denoted as 
portal I in this article) could still be used for OLA129 to exit the cavity (Figure 
6.3.3A), it was not the sole choice anymore and seemed not even to be the primary 
choice. As shown in Table 6.3.1,  in three out of the fifteen runs at the acceleration of 
3 nm/ps2, OLA129 egressed from portal I. By contrast, in eleven runs the OLA129 
left the protein from an alternative region delimited by the βG/βH loop, βE/βF loop, 
C-terminal end of α-helix I, and N-terminal end of αI/αII loop, which is denoted as 
portal II in this article (Figure 6.3.3B). Although portal I is extensively studied, portal 
II is very rarely mentioned in literature. However, there are a few evidences 
indicating that portal II could be a unique portal for LFABP. The structural 
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Figure 6.3.3. Dissociation of OLA129. (A-C) Snapshots showing three different 
dissociation processes of OLA129 by portal I, II and III, respectively; these three 
representative trajectories are also used for the calculation of RMSF (shown in Figure 
6.3.5). The starting conformation (yellow) is aligned with the protein conformations 
in the moment of ligand expulsions (blue).  The sidechains of residues which are 
surrounding OLA129 are shown in the ball-and-stick representation.  (D) Structural 
alignment of rat-LFABP (blue) and rat-IFABP (green). βH and βG strands of IFABP 




Table 6.3.1 REMD simulation of ligand exiting from the cavity of IFABP and 
LFABP. 








III † other 
Failed to 
dissociate‡
OLA128 2 0.015 10 0 0 0 0 
2 0.015 0 0 0 0 5  
3§ 0.030 3 11 1 0 0 OLA129 
4§ 0.050 3 12 0 0 0 
OLA129n 2§ 0.015 5 7 3 0 0 
OLA129# 3 0.030 0 14 0 1* 0 
ANS128 2 0.015 9 1 0 0 0 
LFABP 
ANS129 2 0.015 6 5 2 0 2 
2§§ 0.015 16 0 0 0 4 IFABP PLM 3§§ 0.030 20 0 0 0 0 
 
The time interval (∆t) of REMD was kept constant at 0.25 ps for all trajectories. 
# Random force was applied on OLA129 only, while OLA128 was present in the low 
affinity binding site. 
† The number of trajectories in which the ligand successfully egressed using the 
individual portals. 
‡  The number of trajectories in which the ligand failed to exit from the cavity in 200 
ps. 
** For IFABP, portal I refers to the helical portal. 
* In this single trajectory, OLA129 partially protruded outside from portal II initially, 
then tried to slide over βE/βF loop, and eventually dissociated from the gap between 
the βE/βF loop and α-helix cap.  
§ Trajectories were used for the analysis of residues constituting individual portals of 
LFABP (Table 6.3.2). 
§§ Trajectories of successful dissociations were used for the analysis of residues 











comparisons between LFABP and other intracellular lipid binding proteins (iLBPs) 
revealed that the βG and βH strands of LFABP are two residues shorter than the 
average of other iLBPs (Thompson et al., 1997), which provides the structural basis 
of forming an opening at the region of portal II (Figure 6.3.3D). Furthermore, in the 
exchange studies of LFABP with 13C-labeled fatty acids (Wang et al., 2002), 
OLA129 was proposed to be involved in direct exchange with either OLA128 or the 
oleate molecules in the bulk solvent without displacing OLA128. Both of these two 
possibilities seemed quite unlikely to happen intuitively, but provided portal II could 
be used for OLA129 to exit the cavity, the second explanation would become 
understandable (Wang et al., 2002). However, on the basis of Wang and coworkers’ 
NMR studies, there is no evidence showing portal II could be used as a dissociation 
pathway. In our current REMD simulation, portal II was frequently used by OLA129 
to exit the LFABP cavity, which should be the first direct evidence supporting this 
hypothesis. 
 
Besides portal I and portal II, there was one case in the 15 runs (with acceleration of 3 
nm/ps2), in which OLA129 dissociated from the protein via the bottom of the cavity 
(Figure 6.3.3C), denoted as portal III in this article. The possibility of ligand 
penetration from the bottom of adipocyte lipid binding protein (ALBP) was previous 
discussed (Friedman et al., 2005). In this study, we show that ligand exit from the 
bottom of the cavity was also possible for LFABP. However, this region was the least 
frequently used one for OLA129 to dissociate. In addition, at a larger amplitude of 
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acceleration (4 nm/ps2), the egress of OLA129 from portal III was not observed. Thus, 
portal III is regarded as the least likely portal here. 
 
6.3.3 Residues constituting individual portals 
Residues which were commonly encountered by the ligand during expulsion should 
be important for the constitution of individual portals. Constituting residues, 
identified as described in the methods section, are listed in Table 6.3.2. These 
residues are highlighted on the starting protein structure of our REMD simulations 
(Figure 6.3.4). Small openings at the portal I and portal II regions could form even 
before the application of the external force, which indicates the potentiality of ligand 
dissociation from these regions. Portal III was closed in the starting structure, 
however, certain parts of portal III (e.g. Phe3 at the N-terminal loop; colored pink in 
Figure 6.3.4) were supposed to be plastic, showing the potentiality of creating an 
opening at this region. Nevertheless, untying the side-chain packing of hydrophobic 
residues at this region would not be a particularly easy process, thus this portal was 
the least recorded one in multiple repetitions of REMD simulations. 
 
In order to test whether the same egress routes (portal I-III) could be observed at 
lower amplitudes of acceleration, another set of REMD simulations (15 runs) were set 
up (with a = 2 nm/ps2). Since the formation of the salt bridge was identified as the 
time-consuming step, which kept OLA129 inside the cavity in 200 ps time in our 
initial trials using the same value of acceleration, the neutralized OLA molecule 
(OLA129n) was used for these simulations. As shown in Table 6.3.1, egress from all 
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three portals was observed, which demonstrates the plausibility of the three portals. 







Table 6.3.2  Residues constituting the portal regions. 
 
§  Coordinates of the backbone nitrogen atoms of these residues determined the 
reference plane. 
#  Residues constituting each portal were determined as described in the Methods 
section. Totally 11, 30, 4 and 36 trajectories were used for the analysis of portal I, 
portal II, portal III of LFABP and the helical portal of IFABP, respectively. For 
portals I and III of LFABP, only the residues which were recorded as potential 
portal residues in at least two different trajectories were finally reported; for portal 
II of LFABP and the helical portal of IFABP, only the residues which were 







  Reference residues§ Residues
# 
Portal I 28, 31, 56 28,31,32,35,54,55,56,57 
Portal II 22, 77, 96 18,22,24,73,74,75,77,79,95,96,98,115 LFABP 
Portal III 45, 88, 106 1,3,43,65,85,91,104 
IFABP Helical portal 30, 55, 73 14,18,23,27,28,30,31,34,55,72,73,74 
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Figure 6.3.4. Front views of three portals.  Three portal areas in the starting 
structure of REMD (time at zero) are shown in ball-and-stick (A-C) and surface (D-F) 
representations. Residues constituting portal I, II, and III are colored green, yellow, 
and red, respectively. Phe3 is colored pink (in C and F). Oleate molecules are not 











6.3.4 Root mean squared fluctuations (RMSF) during the dissociations  
Comparison of protein backbone conformational fluctuations during the dissociation 
from the three portals is shown in Figure 6.3.5. For the trajectories in which OLA129 
exit from portal I and portal III (the black and red curves in Figure 6.3.5 respectively), 
the ligand initially attempted to dissociate from other portals during the random 
expulsions, but eventually exited from portal I or III respectively. In order to 
minimize the RMSF caused by these initial attempts, only the last 10 ps and 15 ps of 
the respective trajectories were used for analysis. As expected, most significant 
conformational fluctuation took place at the regions close to the individual portal. For 
the red curve (corresponding to portal III), the increase of RMSF at the α-helix region 
and βC/βD loop is believed to be caused by the residual effects of initial attempts to 
exit from these regions. Regions with increased RMSF, directly contributed by ligand 
exiting from portal III, are N-terminal loop, βB/βC loop, βE/βF loop, and βH/βI loop, 
which surround the bottom of the cavity. Clearly, dissociation from this portal 
requires protein conformational changes in much larger areas than portal I and II, 










Figure 6.3.5. Backbone residue-wise root mean square fluctuations (RMSF) of 
LFABP. The backbone RMSF of LFABP for the dissociation processes from portal I 
(black), portal II (green), and portal III (red) are plotted against the residue number; 
calculations are based on the last 10 ps, 13.5 ps (which is the whole trajectory) and 











6.3.5 Which portal does OLA129 dissociate from when OLA128 still binds the 
protein?  
In the X-ray structure of LFABP-OLA complex (Thompson et al., 1997), OLA128 
occupied the channel connecting the portal I region and OLA129. Thus, if portal I is 
the only choice for exiting the cavity, it appears to be a necessity that OLA128 must 
come out first. However, an alternative portal (portal II) might allow the direct 
exchange between OLA129 and bulk OLA (Thompson et al., 1997; Wang et al., 
2002). Based on the fatty acid exchange studies (Wang et al., 2002), OLA129 was 
assumed to be involved in exchange with OLA128 within the cavity or direct 
exchange with bulk OLA without displacing OLA128. This latter possibility was 
discussed in detail (Wang et al., 2002), but there was no direct evidence showing the 
feasibility of such a process. In order to evaluate the feasibility of the structural 
dynamics underlying this hypothesis, random acceleration was directly applied to 
only OLA129 in the doubly ligated protein complex. In the fourteen independent runs, 
successful egress of OLA129 from portal II was observed (Figure 6.3.6). In one 
exceptional case among the 15 runs (Table 6.3.1), OLA129 partially protruded out 
from portal II initially, then tried to slide over βE/F loop, eventually dissociated from 
the gap between βE/F loop and α-helix cap. This deviation from the typical portal II 
region was caused by the applied external acceleration which adjusted away its 
direction during egress, thus it is regarded as an artifact, and not considered any more 
here. Our current results show that conformational adjustment of LFABP and 
OLA128, allowing OLA129 to egress without displacing OLA128, is feasible. 
Furthermore, although three different portals could be used by OLA129 in the 
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6.3.5 Dissociation of 1,8-ANS from LFABP 
Long chain fatty acids, which are known as the natural ligands for LFABP, are linear 
molecules with significant flexibility; adjustment of the fatty acid conformation 
during the egress could be easily done to fit the openings created. A number of 
compounds with rigid ring structures were recently identified as the ligands of 
LFABP (Chuang et al., 2008). Thus whether rigid ligands can egress from the same 
routes with fatty acid is of significant interest. 1,8-ANS is widely used as the 
fluorescent probe for studying the interaction of ligands with FABPs (Chuang et al., 
2008; Kirk et al., 1996; Velkov et al., 2005). Since two ANS molecules bind in 
analogy to the positions of the corresponding oleate molecules, they are named 
ANS128 and ANS129 respectively in this study. As ANS128 was close to portal I, 
egress from portal I would be the most favorable route. In nine out of ten independent 
runs (Table 6.3.1), ANS128 dissociated from portal I as expected; while in one case 
of the simulations, ANS128 was dragged by the random force to a much inner 
position and eventually dissociated from portal II. Under normal conditions without 
any external forces, such a situation is unlikely to happen, thus portal I is believed to 
be the only choice for ANS128.  
 
ANS129 did not form stable electrostatic interaction with LFABP in the random 
expulsion, but it appeared to be generally more difficult to penetrate out of the protein 
surface than OLA129n, which is attributed to the rigidity of the ANS molecule. In 
two out of fifteen runs, ANS129 failed to egress within 200 ps. However, when it 
approached the portals in favorable poses, it could readily egress from three 
 138
individual portals (Table 6.3.1; Figure 6.3.7). This result demonstrates that the three 




Figure 6.3.7. Snapshots  of 1,8-ANS exiting the cavity. (A) ANS128 exiting from 
portal I. (B-D) ANS129 exiting from portal I, portal II and portal III, respectively. 




6.3.6 Comparative study between intestinal FABP and liver FABP 
Although IFABP and LFABP share a quite similar folding pattern, portal II seems not 
to exist in IFABP (Figure 6.3.3D). Release of fatty acid through the helical portal 
region and β-strand portal (which roughly correspond to portal I and portal III, 
respectively) was discussed previously (Mihajlovic & Lazaridis, 2007). In the steered 
simulation (Mihajlovic & Lazaridis, 2007), release of palmitate through both regions 
occurred, and the helical portal was found to be more favorable in terms of energy 
cost and conformational changes.  
 
Since three different portals were found for LFABP, it is quite interesting to know 
whether different portals could also be found for IFABP in the REMD simulation. In 
total, we conducted 40 independent REMD runs (with a values of 2 or 3 nm/ps2) to 
dissociate the bound palmitate from IFABP. Quite different from the situations of 
LFABP, in all the successful dissociations, the helical portal of IFABP was found to 
be the only possible route (Table 6.3.1,  Figure 6.3.8). This result showed the 
uniqueness of the alternative portal(s) for LFABP. In addition, the helical portal of 
IFABP, although having a roughly similar location with portal I of LFABP, showed a 
slight difference from the latter. The βE/βF loop, which was rarely observed to 
contact dissociating ligands from LFABP (Figure 6.3.4A, Table 6.3.2), was shown to 







Figure 6.3.8. Dissociation of palmitate (purple) from the cavity of IFABP (dark 
green). Residues constituting the helical portal (Table 6.3.2) are shown in yellow. In 
all the runs of successful dissociations, the palmitate molecule came out from 













In this study, we aimed at an extensive search of the possible ligand-escaping routes 
for LFABP that exhibits substantial complexity and variety in its interactions with 
ligands. Although an external force (in the form of a random acceleration) was 
applied in our simulation, the random nature of this force ensured the objectivity of 
this study, at least to an acceptable level. Multiple repetitions of the simulation and 
comparative studies over different ligands and different proteins showed the 
reliability of our current results.  
 
In conclusion, two alternative portals, besides the primary portal, were identified for 
LFABP in this work. Portal II was shown to be a highly preferred region for OLA129 
to dissociate, which is probably the major portal for the inner bound ligand under 
physiological conditions. Comparative studies with IFABP showed that formation of 
portal II should be uniquely related to the structural feature of LFABP. In addition, 
we also showed the possible existence of another portal (portal III). However, this 
portal does not seem to be favorable for ligand dissociation. Further investigation of 
































Chapter 7 General Conclusions  
 
In this thesis, the primary focus is investigation of the dynamical properties of liver 
fatty acid binding protein, aiming at understanding how ligand molecules could 
exchange between the internalized binding cavity and external bulk solvent. This 
functionally relevant dynamics would serve as a bridge linking the static structure and 
the biological function of this important class of proteins.  
 
Particular emphasis of the experimental study was placed on the millisecond 
timescale dynamics of LFABP, which might represent a conformational exchange 
regulating the ligand entry process. Despite the potential significance, the validity of 
such a hypothesis has not been verified. An improved relaxation dispersion 
experiment for accurately measuring slow dynamics was demonstrated theoretically 
and experimentally in the current study, and it was subsequently applied to 
quantitatively explore the slow dynamics of LFABP. In addition, the potential 
correlation between slow dynamics of LFABP and ligand entry/exit processes was 
modeled and evaluated by analyzing the kinetic rates of LFABP-ligand interaction. 
Our experimental result shows that the protein conformational dynamics (in the 
forward direction) is much slower than the ligand entry process, which, thus, excludes 
the possibility that the intrinsic millisecond dynamics of LFABP represents the 
critical conformational rearrangement required for ligand entry. Qualitative 
comparison of the patterns of the intrinsic conformational exchange and the chemical 
shift perturbation implies that the “invisible state” in the millisecond timescale 
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exchange might represent a state resembling the singly bound form of LFABP. 
According to kinetic rates of ligand association to LFABP, the ligand-entry related 
functional dynamics could occur on the microsecond/sub-microsecond timescales, 
which is much faster than previously assumed. Such functional dynamics may be 
contributed by additional fast intrinsic dynamics which is beyond the current 
detection limit, or be induced by the ligand molecules. In the latter case, the 
functional dynamics would not be present in the absence of ligand molecules. 
 
The complex nature of the structural reorganization of LFABP, which potentially 
involves multiple transient intermediate steps, imposed substantial technical 
difficulties in the experimental characterization. In view of this, we continued our 
effort to explore the ligand dissociation pathways using a computational approach (in 
Chapter 6). Although molecular dynamics simulation is a good way to study the 
dynamical details at atomic resolution, the events of ligand exit/entry happen too 
slowly, which could be hardly studied using the standard MD setup. Random 
expulsion simulation used in our current study speeded up the ligand motion by 
applying a randomly oriented external force, which readily dissociated the ligand 
from the protein in a relatively short time range. Consistent dissociation patterns were 
revealed by the simulation results, which showed that the previously hypothesized 
“portal region” could be readily used for the dissociation of ligands at both the low 
affinity site and the high affinity site. Besides, one alternative portal was shown to be 
highly favorable for ligand egress from the high affinity site and be related to the 
unique structural feature of LFABP. This result lends strong support to the hypothesis 
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from the previous NMR exchange study (Wang et al., 2002), which in turn indicates 
an important role for this alternative portal. Another less favored potential portal 
located near the N-terminal end was also identified. Identification of the dissociation 
pathways could contribute to a better understanding of the mechanisms of fatty acid 
uptake and release. 
 
Despite the state-of-the-art NMR methods and the effective simulation technique 
have been utilized in the current study , it is understood that the dynamical interplay 
between protein and ligand molecules in nature involves much more complicated 
mechanistic details than what has be illustrated in this exploratory/preliminary study. 
Although we are primarily NMR spectroscopists, we strongly feel that a combination 
of multiple state-of-the-art experimental and computational techniques would be 
essential for an eventual understanding of this interesting question in the future. Both 
single-molecule fluorescence spectroscopy (Michalet et al., 2006) and paramagnetic 
relaxation enhancement (Clore & Iwahara, 2009) have been demonstrated as 
powerful techniques for capturing transient molecular events, which have substantial 
potentiality to be utilized in studying ligand entry/exit processes. Furthermore, the 
most recent advances in the algorithms, softwares, and computer hardwares of MD 
simulations have made long timescale (microseconds or even milliseconds) 
simulation possible (Klepeis et al., 2009). Such long time simulation for fatty acid 
binding proteins will also be highly desirable in the future. 
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During our experimental study on the LFABP dynamics, we discovered that the 
dynamical properties of LFABP were perturbed in different buffer solutions, which 
was a fortuity initially and not directly related to our major research objective. 
However, this phenomenon aroused our special concern later. Buffer agents are 
frequently used in research labs for various biochemical/biophysical assays with 
concentrations tens to thousands of times higher than those of the proteins, however, 
attention is seldom paid to the potential interference of buffer molecules to the protein 
properties. Thus, we decided to use LFABP, as a case study here, to evaluate the 
amplitude of buffer interference to protein dynamics. The result shows that the slow 
dynamics of LFABP on µs to ms timescales is remarkably different in absence and 
presence of buffer agents. Our result offers an example of how the protein dynamics 
could be influenced by buffer molecules. However, a comprehensive knowledge on 
various buffer effects on protein dynamics, as well as other biophysical/biochemical 
properties, should eventually come from collective contributions by protein scientists 
in various application studies. Such kind of knowledge would be highly important for 
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